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Abstract
I

The ability of narcotic or anesthetic gases when added to oxy-helium

breathing mixtures (trimix) to increase the depth limit imposed by the high

pressure neurological syndrome (HPNS) has been investigated. Five such gases

all gave good protection with potencies related to their anesthetic potencies.

A large extension of the safe diving limits can be achieved, but finally a

point is reached when the HPNS can only be further postponed by adding anes-

I thetic levels of the second inert gas. Thus, there now exists a trimix

barrier to yet deeper diving.

The gas mixtures required to prevent the HPNS can be calculated using a

simple model of their mechanism of action called the critical volume hypothesis.

I These and further studies indicate that the several phases of the }!FNS

have 3eparate etiologies and it is possible to selectively modify with drugs

each of these end points. Neurochemical studies show p1'omise of providing a

deeper understanding of the underlying mechanisms.
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Introduction

The objectives of this work were: (1) tc. investigate the role of high pres-

sure and inert gases in producing and reversing the various phases of th- high

pressure neurological syndrome (HPNS); (2) to establish a theoretical descrip-

tion of the opposing effects of inert gases and pressure that would be useful

in predicting gas mixtures for diving; (3) to investigate the molecular mechanisms

underlying the opposing actions of pressure and inert gases; and (4) to investigate

the neurochemical basis of these effects.

! ' .. . . . . .. ,-1 .
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The role of inert gases in ameliorating the IIPNS in mice
d

A pressure chamber was constructed to enable large numbers of rodents to

be studied under well controlled physiological conditions at pressures up to

300 atmospheres (10,000 FSW). The ability of helium pressure to reverse inert

gas narcosis was established by measuring the anesthetic potency of five inert

gases as a function of pressure. The ability of these five gases to raise the

threshold pressures at which helium compression causes various phases of the

HPNS was studied similarly. The HPNS end-points studied were tremors, clonic

and tonic convulsions and death. All five anesthetic gases caused marked

elevations in HPNS thresholds for all end points at partial pressures below

those causing anesthesia. However, to prevent the HIPNS, the partial pressure

of the inert gas had to be increased faster than the ability of the increased

pressures thus made possible to reverse the anesthetic effect. This eventually

imposes a limit on the elevation of the pressure of onset of the HPNS, because

eventually anesthetic levels of the second inert gas are required. Indeed, at

extremely high pressures, animals were observed to convulse even when

anesthetized.

Thus, the addition of anesthetic gases to helium can significantly extend

the depths to which HPNS-free dives can be achieved. However, even using optimal

mixtures, the depth limit cannot be extended indefinitely. Thus, in addition to

the depth limitations of air diving and of oxy-helium diving, one may now

recognize a limitation to trimix diving.

One further quostion of o interest is whether the effect:s oF helium in re-

versing anesthesia and in precipitating the HPNS are the same as those of mechanical

pressure itself or include a weak hidden anesthetic component resulting from the]as's slipht nolubility in lipid. E xperiments in aq,,atic animals were able to

-4-



reveal unequivocally the anesthetic effect of helium and to separate it from

the effects of mechanical pressure.
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Theoretical calculations

The data on HPNS thresholds obtained above were used to test the hypothesis

that a given HPNS threshold is achieved when some hydrophobic region in neural

, tissue is compressed beyond a critical amount by application of hydrostatic

pressure. The absorption of inert gases into this hydrophobic region causes a

compensating expansion which raises the threshold pressure for the HPIS. (The

critical volume hypothesis.)

Calculations were performed using the known physical properties of the

inert gases to test this hypothesis. Good agreement with the data was obtained

4for each of the different phases of the HPNS. The model predicts, however,

that each (-nd-point is mediated by a separate site with distinct physical

properties. Using this model it is possible to calculate the gas mixtures

which will keep each site close to its optimal volume and so prevent the Pxpres-

sion of snymptoms. The gas mixtures required are a function of depth. Because

each of the sites of action have different physical properties. they require

different gas mixtures for a constant volume titration. Cas mixtures can be

chosen which prevent all sites from exceeding their critical volume, but the

constraints increase with pressure. At higher pressures, the range of gas

mixture. that can be successfully employed hecomo.; smaller and eventually

vanir'hes (i. ,. no mixture will prrvent all symptoms).
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Molecular level studies

The hypothesis that the HPNS might be caused by a decrease in lipid

fluidity, and therefore prevented by drugs which fluidize membranes, was

investigated.

* All volatile and gaseous anesthetics and alcohols were found to fluidize

membranes regardless of the membrane's composition. This was consistent with

their ability to antagonize all phases of the 11PNS. However, many intravenois

anesthetics and tranquillizers were found to be highly selective as membrane

fluidizers. In particular, many caused membranes low in cholestorol to be

ordered rather then fluidized, but all drugs fluidized meml'ranes high in

cholesterol. This suggested that some of these agents might have selective

anti-HPNS actions independent of their sedative effects.

i
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The role )f var iou.:; phiarmacological agents in HNW3

A number of agentS were chosen, based on the above studies, and their

anti-IN2, profilesi studied. All agents which had anesthetic propcorties (e.g.

p'ienobarb-ital, urethane) protected against all phases of the HPSin rropor-

C~on to their anesthetic potency. Other agents protected against some, but

not all, aspects of the HPNS, and others (e.g. phonytoin) exacerbated some

phases of the HP14S, protected against others and wore inieffective against yet

other end points.

These results were consistent with the broadl anti-HI~S effe-ctiveness of

inert gas anesthetics and of the heterogeneous- origin of the different IPNS end-

points. They also sugg est that seleotivp pharmaecological rontrol of each phase

of the HMPN; is possible, and that move detail-I tif'rjhrnao'ia sludies

may enable the depth limitations inhe rent in tIoiis' of trimix to he overcome.
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Neurochemical studies

Few neurochemical studies have ever b~een performed undier high pressures

of diving, gases. An apparatus to enable the binding of nteurotransmitters to

their receptors was developed. Hfelium pressure was founid to decrease the

binding of acetylchioline to the nicotinic receptor in electric tissue of rays

by decreasing the binding affinity without altering the number of receptor sites.

The anesthetic diivinp gases, however, had the oppositeP effect. Thus, this

system appears- to reflect some of the properties of these gases s;een in vivo

and may offer deeper insights into the underlying oti' opv of the TIPIM. FurtherI neuropharmacolog-al studies may thus lay the fouindation fcr rsafe divinp at

depths beyond the trimix barrier.
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NARCOSIS AND HPNS
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Ma,",ny ntructuraleclansses of anvith., its Are pr-'rer rever-
Sle.. Thin ton yet to iv Teprtod for the new peptide anes-

t he tics. Ore sicch pertide a-sttetic in BR91IC (Tvr.I-Ala.
p~l e i~eJ~il~r.Hr . orurghs-WvllCoeo), a nal-rne r, or-

I ible, 4nti-htiC, etivo leucsne-enka;,1.&lin Anulee, reported to
ca-S. loss of ri $*hting. reflex (:.RR) it. rodents (Dr. 0t. 'isarm.
LM' A.r. 159 (1 oL0)). We found tie pv OSdn tt) for LFR in
tda!'lels incra4sed froA 21 # .. MM at 1 at to U4 t 6.6 mM

w, 1 20 atnt of helium, a percontago increase similar to that
tou:A fc.. the volatile anelthelic vctarol, th'As demonstrating
cctiventic'nal pressure rrocrsiiilitv. The peptide's octanol!
water partition coefficient of 22181, as calculated by Hansch
analysis. compared well with the value. predicted by tho Meyer-
Ntoln solubility hypotnesis for other classes of general
ansthetics. Howe ver, unlike octanol, t"e peptidq's anon-
thasi was reversible with naloxine, but only at high doses
(20"Mt). fOe possitble explanation for our findings is thst
I,. peptide's in vi- -flrtts depend on bcth its lipid solin-
tilitv and itn s~e-cfic opiate receptor interaction. Fteverial
of e'ither of these ccaeponpnts would then, lead to a reversal
of rlnesthen ia. (Supported in pal by ONP contract
#.'4000119-75-0727 and N4114 Tralning Grant ll40523.
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25 THE Iii VIVO Er;CTS OF DIITERL14T PRESSURIZING AGEmTS. Barbara A. Dedsor..
Zygmund W. ruraniuk, Jr.* , and Keith W. Miller. Depts. of Anesthesia and
Pharmacolo.y, Mass. General Hospital, Harvard Medical School, Boston, MA
02 11".

Stu'ies of the effects of pressure on biological systems must be inter-
preted with respect to the pressurizing agents used. We examined the
abilities of helium, hydrogen, neon, nitrogen, argon and mechaoical com-
pression (hydrostatic pressure, list) to pressure reverse urethane anes-
thesia in tadpoles. We also compared the effects of the pressurizing
agents on the animals without anesthesia. lISP caused the greatest degree
of pressure reversal with a doubling of urethane's MD 0 with 110 atm of
pressure. lISP alone cauped hyperactivity (IMIS) leading to LRR at an EP50
(effective pressure) of 137 atm. At 110 atm helium was only 70% as effpc-
tive as IISP in reversing urethane anesthesia and itself had an Po50 of 172
atm. Neither hydrogen nor, neon caused much change at 110 atm on urethane%
11)50. and themselve. had little effect it prv,%r;ures of lens than 200 atm.
Poti argPon ind Il t'og. were iit .him',,vr ,e:-,the ic with 1:Dqn'S of 75 and
IJ1 atm respecti,.e]v, and ,H4e to, rather 'than reversed, urethane anes-
thesia. Prom our rsults, it appears that the ability of a pressurizing
agent to reverse an,.sthesia is inversely Proportional to the agent's lipid
solubility. These re':lults also suggest that neon and -droren, with, their

lack of effcts at hiph pressur-s, may prove to be more useful than helium
alone in avoiding both narcosis and lHPIM in deep-sea divers. (Sup)orted
in art by ONE contract #1100014-75-0727 and NI Training (rant #(M-075Q2-
03.)
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pressibility, A, and the total pressure.
Inert Gas Narcosis, the High Pressure Neurological PT (fractional compression = #PT). In
Syndrome, and the Critical Volume Hypothesis fact, for the less soluble gases, helium

and neon, the compression term is

larger than the expansion term and net
Abstract. The hypothesis that general anesthesia or pressure-induced convul- compression results; hence they are not

sions occur when a hydrophobic region is expanded or compressed. respectively, anesthetics. For the more soluble anes-
by critical amounts is consistent with recent data obtained with mice. Calculations thetic or narcotic gases, such as N..
show that anesthesia occurs at an expansion of 1.1 percent and convulsions at a At. and N. net expansion occurs
compression ot 0.85 percent, the latter site of action being more compressible. (4). Equation I must be corrected for

gas imperfections and for the slight
The replacement of nitrogen by drome by assuming that convulsions dependence of solubility on total pres-

helium as the inert gas diluent in deep- occur when some hydrophobic region sure. The nature of these corrections
diving breathing mixtures has removed has been compressed beyond a certain has been given in a previous paper (4),
the constrains. of nitrogen narcosis (1), critical amount by the application of in which the critical volume hypothesis
and simulated depths of 600 m (2000 pressure. Absorption of an inert gas accounted for pressure reversal of
feet, 61 atm) have been reached re- will compensate for such compression anesthesia data for newts. Here, the
cently in France. However, a new and raise the convulsion threshold treatment will be applied to mammals.
barrier to deeper diving is the high pressure. This extension of the critical Quantitative data for the pressua
pressure neurological syndrome, a volume hypothesis has the attraction reversal of anesthesia in mice are avail-
hyperexcitability which first manifests of offering a unified description for the able for three gas mixtures-He : N..O.
itself in man at about 20 atm as a interaction between pressure and nar- Ne: N.O. and H..: N.O 17)-whik:
coarse tremor of the limbs (2). At cotic gases in the central nervous sys- comparable data for the elevation of
higher pressures (60 to 100 atm) con- tern with respect to hyperexcitability convulsion threshold are available for
vuuions occur in experimental animals, and anesthesia. It could also provide He : N.., He: N.O. and He:H:.. (3).
including primates, and manned diving a theoretical foundation for the use of The study of the high pressure neuro-
programs have consequently adopted inert gas mixtures in deep diving. The logical syndrome is complicated by the
cautious compression schedules (for few studies that have been made of apparent dependence of the convulsion
example, 7% days in the 600-m dive), the effect of anesthetics and pressure threshold on the strain of mice used
Addition of narcotic gsu to the on simple membranes suggest that the and, to some extent, on the compres-
breathing mixture has an ameliorating hydrophobic region is membranous in sion rate employed. While these varia-
efect in animals (3). nature (5, 6). tions deserve more detailed investiga-

Pressure reversal of anesthesia s an- The fractional expansion, E, that tion, they are not large, and the data
other example of an effect of pressure occurs when a gas at a partial pressure, used in this study are internally con-
on the central nervous system, and has P., dissolves in a bulk solvent is given sistent, having been obtained in one
led to the formulation of the critical by laboratory by a standardized procedure.
volume hypothesis (4). This states that The expansion caused by dissolution
anesthesia occurs when the volume of :V P,!Y. (1) of the iert ges (Eq. I) wa calcu-
a hydrophobic region is caused to a- lated for the experimental isonarcotic
pand beyond a certain critical volume where V. is the partial molar volume and isoconvulsion end points. This is
by the absorption of an inert sub- of the gas in the solvent of molar vol- shown in Fig. I as a function of pres-
stance. An applied pressure opposes ume V, and x2 is the mole fraction sure for the model solvent benzene.
this expansion and reverses anesthesia. solubiity of the Sas in that solvent Such a plot should yield a linear rela-
In this report, it is proposed that the when its partial prmeure is I atm. In tion where the slope gives the com.
hypothesis may be extended to include addition, physical compression q4f the pressibility of the site of action and
the high pressure neurological syn- liquid occurs according to its com- the intercept gives the critical volume

_____ ____ __ I



Table of calculations according to the critical volume hypothesis for three solvent intriguing possibility. Liquids that have
models for the pressure reversal of anesthesia (8) and the high pressure neurological syndrome been compressed to remove all gas
(convulsions) (3) in mice. Phyical parameters for these calculations have been given prevI-
ously (4): in addition, the solubility of neon in carbon disulfide is 4.8, x tO-' mole fraction nuclei may be subjected to negative
(17). For hydrogen P, was taken as 35 mi/mole for all %olvents 1)8). The Bunsen partition pressures of several hundred atmo-
Gcekient of hydrogen in olive oil was 0.04 (9). The compressibilitics of olive oil, beonze, spheres without cavitation (11). Would
and carbon disulfide are 6. 9. and 7 x t0-' atm-1. respectively (4t. For the critical volume
change and compressibility. values are men- standard devistion. a similarly treated mouse thus be anes-

thetized by negative pressures of the
Critical Compress- order of 50 to 100 atm?

Solvent Effect volume ibility Correlation
chap (X t0 coefficient For diving practice, the unified criti-
(%) m-') cal volume hypothesis suggests that the

Olive oil Anesthesia +0.35 = 0.03 3.2 ± 0.56 .5 composition of the breathing mixture
Couvulsiom -0.39 = 0.12 7.1 = !.20 .91 should he adjusted so as to produce no

Benzene Anesthesia .- I.I ± 0.02 3.0 t 0.39 .91 volume change at the site of action.
Convulsions -0.85 ± 0. 14 13.9 - 1.37 .96 Reversal of nitrogen narcosis by helium

Carbon disufide Anesthesia +0.60 ± 0.04 3.3 ± 0.6 .14
Convulsions --0.60"=0.16 10.0± 1.59 .92 pressure has been observed in man

(12), while the amelioration of the
high pressure neurological syndrome in
divers by adding anesthetic gas to their

change required for anesthesia or con- produce convulsions. These experi- breathing mixtures is the object of ac-
vulsions at I atm absolute. Results of ments were conducted at a number of tive investigation (3). However, since
the calculations for three solvents, reduced rectal temperatures, allowing the site for convulsions appears to be
which experience shows are good ana- a short extrapolation to 37*C, which two to five times more compressible, it
lop of the anesthetic site (8), are sum- gives a convulsion threshold of 62 atm is clearly not possible to completely
marized in Table I. All three model at compression rates comparable to prevent volume changes at both sites
solvents produce a good fit of the data those in Table I. If we assume that the by titrating the inert gas against the
for both anesthesia and convulsions. compres-ibility of the convulsive site absolute pressure. Nonetheless. mkinmi-

The most striking conclusion from is that given by each of the model sol- zation of the changes should enable
Table I is that a particular model sol- vents (Table I), then these data yield divers to maintain performance levels
vent gives a self-consistent description critical volume changes of -0.,4, at considerably greater depths than
in terms of the critical volume hypothe- -0.86. and -0.62 percent for olive those they currently achieve breathing
sis for the volume changes associated oil, benzene. and carbon disulfide, re- helium-oxygen. Ultimately. it should be
with anesthesia and convulsions: that spectively-values in good agreement considered that the sites of action re-
is, a particular positive or negative with those in Table 1. These liquid ferred to here may only be the most
change in volume at the sites of action breathing experiments raise a further sensitive of a spectrum of sites, as is
is critical and results in profound ef- suggested by the respiratory and car-
fects in the central nervous system. The diac problems encountered in main-
predicted percentage expansions vary 01.s a mals above 100 atm (13). This pos-
somewhat depending on the solubility 0 sibility, together with the different
and molar volumes of the solvents. compressibilities in Table I. suggests
The compressibilities are close to those that more specific pharmacological in-
observed experimentally in each case, Anesetic ED tervention will eventually be required
although the site mediating convulsions * if man is to achieve depths of ever
is two to five times the more compress- greater magnitude.
ible of the two, indicating that two *0.s Convulsion * The success of the critical volume
separate sites of action exist tor anes- res ot d * hypothesis in providing a self-consistent
thesia and convulsions. Further discus- * explanation of the interaction of anes-
Sion of the differences between the thetic gases and pressure is rather re-
solvents seems unlikely to be profitable. 0 markable. Although it cannot be ruled
and it would be more interesting to out that such success arises by chance.
know the results of such calculations the hypothesis provides specific predic-
for real membranes, but the few physi- -0.s tions about the sites of action which
cal data available (9) only allow one are accessible to experimental tests at i
to conclude that the volume changes a biophysical level. It seems, at present.
§,iven by these solvents are of the order 0 so 1o IsO most probable that the sites of action
of magnitude to be expected in real Total pressure (an) are situated in the lipid hilayers of '
membraneFi. . Calculated exp ion of benzene some membranes (14). This interac.

A further evaluation of the physical (Eq. 1) (4) caused by mixtures under tion in itself is probably not directly
parameters of the site of action, which isoanesthetic (8) and isoconvulsive (3) responsible for the effects observed:
is independent of gas solubility data, conditions at various pressures. The in- rather, one might suppose that the
may e made by using results of recent trcepta yield the critical volume changes, membrane perturbations influence the
mae mdens by uin re s o ecet and the slopes, the compressibilities. The
experiments (/O) in which mice anesthetic ED,,. is the dose effective in functions of some membrane proteins
breathing an oxygenated fluorocarbon anesthetizing 50 percent of a group of in the neurological apparatus. Evidence
fluid were compressed hydraulically to animals, for such a view may be found in stud.
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SE~CTION 6

Review of the effects of pressure and anaesthetics

on membranes

K. W. Miller

The fluid mosaic model of membrane structure envisages

proteins "floating" on, or in,a lipid bilayer (1). At the

moment we know little about the nature of the membrane proteins.

However, anaesthetics may interact with the lipids, producing a

perturbation which in turn affects protein function. This

hypothesis implies that the annesthetics do not have specific

sites of interaction but instead dissolve in the fluid bilayer

in an analgous manner to dissolving in a bulk fluid. The

membrane increases in volume when anaesthetics dissolve in it,

and decreases in volume when pressure is applied. Evidence for

this has been obtained from experiments with monomolecular layers

of lipids at a water-gas interface in which the film pressure at

constant area (related to the area at constant film pressure)

increases in the presence of argon and nitrogen but decreases in

the presence of helium (which has a minimal anaesthetic effect)(2).

Similar changes in surface area with other drugs have also been

shown in red blood cells (3). The increase in volume is not the

same in all directions and it has been demonstrated that

anaesthetics increase the surface area while at the same time

decrease the thickness of a bilayer (4).

These volume changes can be related to the type of functional

changes which may be important in neural function, such as the

movement of ions across the membrane. One suitable model system

is a lipid bilayer with an ionophore which acts as an ion carrier

across the membrane. When the anaesthetic is added the ion flux

increases as the membrane fluidity increases and the anaesthetic
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concentration causing this effect can be correlated with that

blocking conduction in the frog sciatic nerve. Pressure alone

reduces the ion permeability and it is possible to balance the

effects of anaesthetics and pressure, with the permeability

returning to the control value. This effect is not simply the

displacement of the anaesthetic from the membrane under pressure,

since it does not matter at which stage the anaesthetic is added.

It is possible to calculate the increase in voume of the membrane

caused by the naesthetics and the compressibility of the system

when pressure is applied. The calculated compressibility-5-

(2 x 0 ' ntm- ) is consistent with that expected for hydrocarbon
compressibility (5).

When anaesthetics dissolve in the lipid bilayer the volume

increases by about 0.25%. The effect of this volume change mey

be magnified by several factors. First, the proportional

increase in surface area of the bilayer may be up to ten times

greater than the volune increase. Second, the volme change may

alter phase transitions in membranes. One phase transition is when

the arrangement of the lipids changes from a more solid gel phase

to the more liquid fluid phase. An analogy can be made with a

melting point which is usually associated with an expansion of a

substance. However, unlike a melting point the phase transition

occurs over a temperature range up to 1°C. Interaction of

anaesthetics with the membrane tends to shift the bilnyer towards

increased fluidity, while increased pressures have the opposite

effect. tudies with model systems have examined the effects of

pressure at different temperatures on either side of the phase

transition. The changees observed for the samn prenssure increase

have been greater in the gel phase than the fluid phase and very

mucrh greater in the intermediate range of the phase transition( 6 ).

t Al
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It has been postulated that such phase transitions are important

in modifying protein function and it may be that this is one of

the ways in which volume changes can have a profound effect on

functional changes.
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Application of the critical volume hypothesis to problems
of deep diving

K.W. ltiller

The criticail volume hypothesis offers a description of the

interactions of pressure and in -t gases which produ(ce anaesthesia

and convulsions. It accounts for the pressure reversal of

anaesthesia and anaesthetic antagonism of pressure induced

convulsions Thi'N8). The hypothesis may be stnted as follows:

anaesthesia occurs when the volume of a hydrophobic region is

caused to expand beyond a certain critical amount by the

absorption of an inert substance; an applied pressure opposes

the expansion nnd reverses the anaesthesin. Conversely,

convulsions occur when some hydrophobic region is compressed

beyond a certain critical amount by application of pressure;

absorption of an inert gas will compensate for such compression

and raise the convulsion threshold pressure. St'idies on the

pressure reversal of anaesthesia1) and the convulsion threshold

in mice (2) provide a basis for testing the hypothesis.

Tie percentage expansion, Eg. caused by a dissolved gas,

is given by

Eg = V2 . x. . Pa/Vm

Where V2 is the partial molar volume of the gas in the solvent of

molar volume, Vm, xe its mole fraction solubility and Pa the

applied partial pressure. In a gas mixture each gas contributes

additively and at elevated pressures compression must be

included to give the net volume change ET.
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CT .v xi. Pai,/Vm] T

or , Fg - T

where is compressibility and PT tot.l pressure. A set of

isonarcotic (or isoconvulsive)data at different pressures,

together with V , x, and Vm data from a model solvent, allow

Fg to be calculated at each PT" A plot of Eg . vs PT then

yields the compressibility (slope) and critical percentage

expansion (intercept). Figure 1 shows'such a tert. for

the conmmlsive site is greater than for the ann-tthetic site,

whilst critical volumes for

these two sites are of the

same magnitude but opposite

in sign.

t ,Do30

Knowing these physical

W *.A conu|...n parameters of the sites of
action we can calculate the

pressure at which convulsions

or anaesthesia will result

for any given gas or gns

mixture. (:;ee Figure 2).

Carrying out these calcula-

I..af Pressu,. (at.n tions for mixtures enables

otte to eotistrict a graph or

ligure I mnp which predicts safe

mixrt's at various pressures

mFivire 7).
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Figure 2 Figure 3

Preliminary application to manned diving was made for

He - NS2 mixtures. Deriving the critical volume and /;forI narcotic and convulsive sites in man is difficult because of the
paucity of quantitative data. However, tentative predictions

suggest that inclusion of not more than 15%~ N2 should avoid

narcosis at all pressures tip to the-convulsion threshold.

Considering the current uncertainties in the calculations,

10 -5T, N2 may be regarded as the best working mixture. The

convulsive threshold itself is significanitly raised by use of such

mixtures compared to values for pure helium. Dhe theory allows

ready extrapolation to other gas mixtures. The immediate need is

for more data at high pressures on the narcotic threshold of gas

mixtures. Ideally the similar data for convulsion threshold is

required, but this may be obtained from experiments on primates

to a good approximation.
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The critical volume hypothesis provides a semi-empirical

theoretical approach which enables optimum diving gas mixtures

to be predicted.
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fJRp wnud from Nmuv, VoL 26J, No. 5574, pp. 253-255. September 16. 1976)
* Mwiuaule Joumalh Lt9L. 1976

General anaesthetics can selectively as in the secondary reaction of a given membrane protein
to that lipid perturbation. Our work shows that the primaryperturb lipid bilayer membranes perturbation can no longer be thought of in terms of the lipid

Ttm circumstantial evidence that anaesthetics act primarily by solubility of an anaesthetic alone; it is necessary to introduce
increasing the fluidity ofmembranes is quite strong. The gaseous, the concept of fluidising efficacy, which we define as the
volatile, barbiturate, steroid and alcohol anaesthetics have all rate of change of membrane fluidity with the concentration of
been shown to fluidise phosphatidylcholine-cholesterol lipid anaesthetic in the membrane. Defined thus. fluidising efficacy
bilayers and the demonstration has also been made for some
biological membranes'-'. Furthermore, a number of lipophilic
substaices, such as the higher alkanols, do not fluidise Table I The change in order parameter, AS,. measured by 5.-doxyl-
membranes and ae not anaesthetics'. In some ca.ses a cor- stearic acid in lipid bilayer membranes exposed to anaesthetic agents
relation between nerve.blocking potency and the action of naesthetic Concentration Bilayer composition, balance PC
anaesthetics in perturbing lipid bilayers has been observeds. 4%PA 20%PA 4%PA:33%
Moreover. pressure counteracts the fluidising effects of anaes- Choi

Halohane It m -003 -. 03 -0.06thetics just as it antagonises general anaesthesia in vivo'". Urethane 90 mM -0.01 -0.03 -0.03
The overall success of the fluidised lipid hypothesis tends to *-Octanol 46 mM -0.02 -0.06 -0.08
be its major drawback, for if anaesthetics fluidise membranes Ketamine 25 mM -0.03 0 -0.03
indiscriminantly then the hypothesis fails to provide a unique Alphaxalone Is mM -0.02 -0.03 -0.02
mechamism for their selective depression of neuronal function. Pentobarbital 16 mM -0.02 -0.02 -0.03
We show here that lipid composition may modulate the ability PC. Egg yolk phosphatidylcholine: PA. egg yolk phosphatidic acid;
of an anaesthetic to fluidise membranes more than has been Choi, cholesterol; halothane is CFCHCIBr; urethane is ethyl-
generally supposed. carbamate; ketamine is Z-4methylamino -Z-(2-chlorophenyl) cyclo-

The effect of anaesthetics on membrane fluidity has been hexanone and was a gift of Parke-Davis; alphaxalone is 3a-hydroxy,
pSa-pregnane-l 1,20-dione and was a gift of Glaxo. Lipids and spinstudied by intercalating fatty acids. or phosphatidylcholine labels in organic solvents were driec down together in pear-shaped

(PC), labelled with a nitroxide reporter group into lipid bilayer flasks. Involatile anaesthetics were added in organic solvents before
membranes of various compositions. The anaesthetics studied drying down; volatile agents were added later after the lipids had
showed wide variations in their ability to fluidise phospholipid been dispersed in solution buffered at pH 7.0 by vortexing., and their

concentration was checked by gas chromatography. Final lipid
bilayers. Results and experimental conditions are outlined in concentration was about 20-30 mg ml - L, and the spin labels con-
Table 1. All anaesthetics studied fluidised PC bilayers low in stituted about I mol %'* of the lipids. Anaesthetics were equilibrated
phosphatidic acid (PA) and high in cholesterol (Choi) (4%PA: with the bilayers up to 24 h before being sealed in I-mm glass capil.
33%Choi) as evidenced by the consistent decrease in order lanes and equilibrated at 25 = 0.5 :C in the cavity of either a Vanan

E-9 or E-109 electron spin resonance spectrometer operating at 9.5
parameter. At one extreme, halothane and urethane fluidised GHz. Order parameters, AS, %ere calculated from spectra according
all the membranes studied, whereas at the other, pentobarbital to the method of Hubbell and McConnell". A decrease in aS indicates
and alphaxalone fluidised only those with 4 *PA :33 %Chol. a less anisotropic distribution of the label and a more fluid membrane.
Increasing cholesterol content conferred fluidising ability on all Changes in AS less than 0.01 were not considered significant. High

doses of anaesthetics were used to obtain large changes in ,S. whichanaesthetics. but increasing the negatively charged PA tended is a linear function of anaesthetic concentration within experimental
to confer an ordering ability in some cases. A more detailed error".
examination of the effects of lipid composition was made with
pentobarbital and octanol (Table 2). The effect of pentobarbital need not be independent of anaesthetic concentration: thus
switched from fluidising to ordering when, in the 4 %PA : 33% Rosenberg reported unequivocal biphasic effects of halothane
Chol membranes, either the cholesterol content was lowered at physiological concentrations in palmitoyllauroyllecithin
to 5-10% or PA was increased from 4 to 10/.. Octanol always bilayers". Most studies so far. however, have shown linear
fluidised. effects".3 or only weak nonlinear ones'. Three of the anaesthetics

Our results in 4%PA : 33 %Chol membranes are consistent we examined could both order or fluidise bilayers. depending
with previous studies which have been carried out primarily in on their lipid composition, and thus indubitably exhibited
membranmes of this cholesterol content, which is typical of both negative and positive fluidising efficacy; whereas for
nerve'. There are two isolated reponts in the literature that halothane, octanol and urethane. the fluidisingetticacywas positive
halolhEanai and pentobarbitall order phospholipid membranes, in all the membranes studied. For the latter anaesthetics we are
as do local anaestheti t s. unable to tell if the magnitude of the efficacy varies from

Spin-label and deuterium magnetic resonance" studies membrane to membrane because the membrane solubilities
mjlt that the acyl groups of phosphol'pids are tilted near are unknown. Our conclusions are thus based on the anaes-
the head group region. General anaesthetics might reduce this thetics where a change in sign of the order parameter was
tilt leading to a decrease in packing density as has been reported observed.
for tetracaine"s. If so, the ordering effect should be weaker To be consistent with the fluidised lipid hypothesis. anas-
deeper in the bilayer and preliminary results with PC labelled thetics should exhibit a positive fluidising efficacy at their site
with 8-doxylstearic acid at the 0 position are consistent with
this explanation. In this context it is interesting to note that
the three anaesthetics which increase anisotropy in the 4% Table 2 The change in order parameter caused by anaesthetics in PC
PA bilayer all have siructures which include rigid rings. A lipid bilayer membranes containing varying proportions of PA and
complete physical explanation of our results must await more Chol
detailed study, however. Anaesthetic PA Cholesterol

The most important pharmacological aspect of this work 0 5% 10% 20% 331,11
concerm the specificity of action of anaesthetics. Although Pentobaxrbital 40/ +0.02 -0.02 0 -0.02 -0.03
they an regarded conventionally as nonspecific drugs, many 16mM 10* - -0.05 -0.04 -0.03 -0,05
membrane processes are unaltered at anaesthetic doses. Thus 20'7 .- 002 -0.09 -0.05 -0.02 -0.03
the Na*/K ATPase of red blood cells" and synaptosomes" Octanol 4'2 -0.02 - - - -0.0846 mM 10% -0.05 -0.02 -0.03 -0.08 -0.04Is unaffected at high, almost lytic, doses. This secificity might, 20% -006 - -003 -0.02 -0.03
a p/rd, reside in the primary perturbation of the lipid as well 20__-0.0__--_-0.0__-0.0__ -0.0_



of action. In agreement with this, all six fluidised 4%^A: between anaesthetic and convulsant activities seen with many
33%Chol bilayers and pressure reversal of anaesthesia in visa barbiturates can be explained in this manner.
has been demonstrated far halothane'"', alphaxalone (as the Our work has been concerned exclusively with the primary
clinical mixture aithesin. which includes one third aiphadolone anaesthetic-induced lipid perturbation. The sensitivity of
acetate, a steroid with half the potency of aiphaxalone)*, membrane proteins to such perturbations might also vary.
pentobarbital"t . urethane'O and ketamine (M. Wilson and The support of the National Institute tar General Medical
K. W. M., unpublished). Long chain alcohols, which are not Sciences and the Office of Naval Research are acknowledged.
anaesthetics and do not fluidise membranes'"'. might have
lower efficacy than the short chain alcohols, or might simply KarrH W. Muvt
have a lower membrane solubility. In the latter case, it the KAm-YEE Y. PANG)
efficacy is about normal they might act additively with other Departments oa/Pharmacology and Anesthesia.
anaesthetics as has been observed for some fluorinated hydro- Harvard Medical School and
carbons. In all case the magnitude at the fluidising efficacy Massachusetts General Hospital,
can only be evaluated if the membrane partition coefficient is Boston, Massachusetts 02114
known, which is not often the case. Paevda 7acpe~n2,9

A corollary at the above argument is that only membrane i ncitit j C. smtden p. n 3976. A .Vjwc hre-4 7
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The opposing physiological effects of
high pressures and inert gases,

KEITH W. MILLER

Department of Anesthesia and Pharmacology, Massachusetts General Hospital and
Harvard Medical School, Boston, Massachusetts 02114

T he response of mammals to ele- been made without signs of inert gas 600 atm) prove lethal. Work on am-
vated ambient pressures has to be con- narcosis. However, a new phenome- phibia enables the effect of hydro-
sidered in the context of the physio- non, characterized by trembling of static and gas pressure to be corn-
logical properties of the gases the extremities, excitability and pared. Newts compressed hydraul-
breathed. Because of the toxic certain EEG changes, has been dis- ically showed slight paralysis at 140
properties of hyperbaric oxygen (24) covered and called the high pressure atm and complete paralysis at 200
an inert gas diluent is generally in- neurological syndrome (HPNS) (2). atm. In helium and neon paralysis
cluded in a diver's breathing mix- This syndrome can be relieved some- occurred at similar, but slightly ele-
ture. The use of nitrogen in this role what by slow compression rates but vated, pressures, while in hydrogen
causes euphoria and an impairment these themselves impose a limitation only slight paralysis was observed at
of higher mental processes that be- on diving practice. The HPNS ap- 200 atm. The protection afforded
comes more and more serious at pears to be a function of the elevated against the onset of paralysis by these
depths deeper than 30 m (I). These pressure per se and not related to gases and other anesthetics (14) has
symptoms of nitrogen narcosis bear inert gas narcosis since addition of not been explained. In general then
some similarity to those in the early nitrogen to the He-O2 mixture to helium and neon exert effects corn-
stages of anesthesia, and studies on form a trimix ameliorates the HPNS parable to hydrostatic pressure and
mice show nitrogen produces com- (2). The ultimate physiological limit neither gas appears to give rise to
plete anesthesia at a partial pressure to deep diving thus lies beyond 60 general anesthesia in the range of
of 35-40 atm. As we shall see, certain atm and remains to be defined, mechanically tolerable pressures,
simple concepts of the mode of action In order to consider further what
of these lipid soluble anesthetics limitations pressure per se may im-
prove to have considerable utility in pose it is necessary to consider work 'From Session 1I, Plhsuiogieal Repomame
predicting the physiological outcome on animals. The classical work of to the Eavlrossme, of the FASEB Confer-

. of breathing increased partial pres- Regnard, Ebecke, Cattell and others ence on Organiss/ Respnse to the Envirosmst
presented at the 60th Annual Meeting of the

sures of inert gases. has been reviewed recently by Fenn Federation of American Societies for Experi-
Hildebrand and co-workers sug- (5). Aquatic animals show a general mental Biology, Anaheim. CA, April I. 1976.

gested that helium, which is much stimulation of the central nervous ' Pressures are given in standard atmos-
less soluble than nitrogen, should be system at pressures around 50 atm. pheres (1.03 kg-cm-2). 10 meters depth of

a superior inert gas for diving (8). At 200-300 atm paralysis results sea water is roughly equivalent to one
au oatmosphere.
Experimental chamber dives to as from spontaneous muscle contrac- HPNS is high pressure neurologicaldeep as 600 m have subsequently tion, while higher pressures still (400- syndrome.
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although the next rare gas. argon, hydraulically. have demonstrated that fluidlzation is reversed by pressures ,f*
is an anesthetic at 20 atm partial theseeffec-tsar, mediated bypressure the same magnit tide as those observed
pressure. per se and are not to be attributed physiologically (23). Anesthetic-in-

The physicochemical changes pro- to helium (13) duIti' membrane expansion has also
duced in these pressure ranges are The use of anesthetic gases to been measured and found to be con-
in general not great. Equilibriums ameliorate the effects off pressure sistent with that required for anes-
and reaction rates will be affected reintroduces the problem of inert ihesia (22). If an increase of inem-
by about a factor of 2 or so at 100 gas narcosis into deep diving. How- brane volume or fluidity can lead to
atm, but by I to2orders of magnitude ever this problem is mitigated by the anesthesia. then it seems probable
at the ocean's deepest depths (- 1,100 remarkable observation that pressure th' a corresponding decrease ma%
atm), processes involving a volume reverses the effects of anesthetics also result in marked changes in mem-
increase being opposed by pressure (9, 10. 14). This raises the possibility brane function such as the excitability
(16). One might predict then that in that the high pressure neurological associated with the high pressure
the physiological pressure range (say syndrome may be controlled using neurological syndrome (HPNS). The
<300 atm) only those processes in trimix (e.g., He, N 2, 02) without in- mechanism by which these changes in
which greater than normal volume curring inert gas narcosis (19). The fluidity of the lipid bilaver could
changes occur, or in which fairly symmetry of the situation is sum- give rise to such profound events as
critical temporal integration takes marized in Table I, where data for anesthesia and the HPNS remains to
place, would be influenced signifi- the elevation of convulsioi threshold be clarified. Certainly the changes in-
cantly by pressure. A recent example by addition of nitrogen and for the duced in the lipid bilayers themselves
of the latter type may be the pressure- depression of anesthetic potency by are small, but the emerging relation-
induced bradycardia observed in iso- addition of helium are presented. At ship between lipid fluidity and the
lated mouse sinus nodes (21). The present the most successful approach function of membrane protein sug-
spontaneous contraction of muscle for assessing the role of inert gases gests plausible mechanisms. Electro-
is associated with an unusually high in modifying the effects of pressure physiological studies may provide
volume change of 350 ml/mole (6), per se is the approach based on further insight (4, 7, I).
which may be related to the observa- simple physicochemical concepts de- We shall now consider the formula-
tion of high pressure paralysis. veloped to explain the mechanism of tion, testing, and application of the

Detailed studies with mammals action of anesthetic agents. These critical volume hypothesis, which may
have been carried out over a smaller concepts enable quantitative predic- be stated in two forms. First, a-es-
pressure range than those with tions to be made of the optimum thesia occurs when the volume of a
aquatic animals. Although pressures balance in the trade-off between hydrophobic region is caused to ex-
as high as 300 atm have been ob- inert gas narcosis and the HPNS. pand beyond a certain critical volume
tained briefly, the animals are They also provide a conceptual link by absorption of an inert substance.
generally in poor condition above 200 between the molecular level interac- An applied pressure opposes this
atm even when the other environ- tion of the anesthetics with their site expansion and reverses the anes-
mental stresses, such as temperature, of action in a membrane and the be- thesia. Second. convulsions occur
are controlled. When mice are com- havior of the whole animal. Thus when some hydrophobic region has
pressed in an He-0 2 atmosphere a anesthetic potency correlates remark- been compressed beyond a certain
series of responses are observed, ably well with lipid solubility. How- critical amount by the application of
First, an uncoordinated trembling of ever the pressure reversal of anes- pressure. Absorption of an inert gas
the limbs and jerky voluntary move- thesia suggests that the anesthetics will compensate for sucLi compres-
ments are observed with onset pres- not only dissolve in, but also expand sion and raise the convulsion thresh-
sures of 25-60 atm, depending on and fluidize, the lipid bilayer regions old pressure.
the compression rate. Second, convul- of biomembranes (10, 20). Anes- These hypotheses can be tested
sions, both clonic and clonic-tonic, thetics have in fact been observed to against data of the type given in
occur at higher pressures than do the fluidize membranes (17, 23) and this Table I. To calculate the expansion
tremors. The threshold pressure for caused by an anesthetic when it dis-
onset of convulsions may be elevated solves in a hydrophobic fluid it is
bv idding an anesthetic gas to the TABLE 1. Partial pressure of nitrogen to necessary to know the solubility in the
He-0 2 mixture. Mouth breathing is cause anesthesia or prevent hyperbaric membrane involved. Unfortunately
observed at about 90 atm, but this convulsions in-mice at various pressures few such data are available and in
appears to be unrelated to gas density Nitrogen parrial pressre at any event the exact site of action,
since it occurs at the same pressure and hence the appropriate membrane
in neon-oxygen mixtures which are Total pressure Anesthesia Convulsions composition, is unknown. Because of
5 times as dense. Finally the mice die 39 38 - this a number of model solvents have
at about 140 atm. but this event may 69 44 0 been used; olive oil, benzene, and
be postponed by using slower com- 93 46 9.4 carbon disulfide provide particularly
pression rates or, more effectively, 110 48 17 good analogs and the conclusions
by adding anesthetic gases to the 119 49 32 derived turn out not to be particu-
breathing mixture (3, 14). Several larly solvent dependent. It is also
elegant studies, in which mice totally Pressures in atmospheres. Anesthesia data (Wilson possible to test the hypotheses alge-

ee sdi in hih o ete and Miller unpublished). Convulsion data ret 3.
immersed in a highly oxygenated Gas mixtures contain I atm 0.. The balance is braically without assuming a model
fluorocarbon liquid were compressed helium, solvent (20). This becomes very cum-
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bersome however, especially at higher• E
pressures where a number of correc- EH,

tions for nonideality must be made.- PT
In this paper the calculations are il- VOLUME
lustrated using benzene as the model E-e, EA
because the required physical param- NORMAL
eters have been most accurately de-
termined for this solvent.

The required equations are set
down in Fig. 1. The gross fractional Ecif *(Ems + Em - P "
expansion caused by dissolving a gas is
calculated front a knowledge of the
partial molar volume of the gas in the
solvent. The mechanical compression (E H E A) z P Pr + Ec, ,
resulting from elevating the partial

Figure 2. Equations for testing the critical volume hypothesis for anesthetic action. E,, is th"bility. Two corrections need to be critical expansion which results in anesthesia in hall of a group Af animals (ED 0 ). EA is the

taken into account: one for deviation expansion caused by the dissolved anestheti- at a concentration greater than its ED 0 . E,,, is
the expansion caused by helium dissolved at a pressure that reverses anesthesia. P is the conipres-of the gas mixture from ideality and sibility and PT the total me hanical pressure.the other resulting from the reduc-

tion in solubility of the gases at high
pressure (deviations from Henry's account for pressure reversal.) In a implied by the compression rate de-
law) (20). With typical diving gases dissolved gas mixture the total gross pendence of the convulsion thresh-
these corrections reduce the calcu- expansion is given by the sum of the old. However the data used here were
lated expansion by 10-20% at 100 individual terms. For a given physio- all obtained with a uniform compres-
aim. (This is not sufficient in itself to logical end point, which may be sion rate of 40 atn/hr and the con-

achieved at different pressures ac- vulsion thresholds differ from this
Figure I. The net expansion, E, occurring cording to the gas mixture employed by no more than 20% at higher and
when a gas dissolves in a fluid is given in the (e.g., Table 1), the total gross expan- lower rates.
upper equation for the second component of sion may be calculated. Plotting this Another shortcoming of the model
a gas mixture. V is the partial molar volume s calulat e Plottn this Anothe ocmin of the e
of the gas dissolved in the fluidof molarvolume versus the total pressure should follows from the conclusion that there
V.; x is its mole fraction solubility at a partial yield a straight line whose slope is are distinct sites of action mediating
pressure of I atm, and P is the partial pressure the compressibility and whose inter- the anesthetic and convulsant sites.
of the gas. 0 is the compressibility of the cept is the critical volume change as This conclusion can also be reached
solvent. Two correction terms must be ap- illustrated in Fig. 2. In Fig. 3 data for algebraically without assuming a par-
plied to the first term on the right, and iso-anesthetic and iso-convulsive ticular solvent model (K. W. Miller,
these are given. P* is the fugacity of a gas at end points are tested in this way. unpublished calculations). However,
partial pressure P, in a mixture of two gases, The fit is acceptable, a volume change in the model calculations the gas solu-
X, and X, are the mole fractions of the gases of around 1 % leads to anesthesia (ex- bilities of these two sites have been
in the mixture, and B the second virial coeffi- pansion) or convulsions (compres- assumed to be identical so that the
cient. The second correction is for deviations sion) or coulsion (co - assuedeoce idticalfothate
from Henry's law. C is the mole fraction con- sion), and the site of action of con- difference must perforce appear
centration at partial pressure P. PT is the total vulsions is 4-5 times as compressible entirely in the compressibilities.
pressure. R the gas consant and T the absolute as the anesthetic site (18). The degree These problems reflect our ignor-
temperature. For further details see (20). of agreement is remarkable for such ance. No black-box approach such as

VOLUME HYPOTHESIS a simple model. this can be expected to do more thanAlthough a number of uncertain- provide a self-consistent description
NO omio- each gn ties surround the conclusions these and verify in a general way theare probably not serious. Thus the underlying concepts. The high

convulsion threshold depends on the degree of consistency of the model,

a "a pt strain of mice-an A/J strain in this however, is challenging and points
El " PP case which convulses at a lower pres- the way to more detailed biophysicalVi. sure than the CD strain used for the investigations which alone can pro-

anesthesia work. The limited data vide a direct test of the underlying
on convulsions in CD mice suggest assumptions.

_ti they exhibit a lower compressibility The critical volume hypothesis can
and a lower critical volume than now be used to predict the composi-
A]J mice (K. W. Miller, unpublished tion of gas mixtures required to

.(O I ; .01.+ 1 ] dP calculations). In either case, however, avoid both anesthesia and convul-
the site of action of convulsions is sions. It may be seen immediately

distinct from that for anesthesia. that no single mixture can prevent
Furthermore no model as simplistic a volume change at both sites, and
as the critical volume hypothesis can this is bound to impose a limiting

J tat i -lk) be expected to account for the neuro- pressure beyond which both end
•,,dF logical accommodation or adaptation points cannot be avoided simuhane-
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0 Figure 4. The net volume change (e.g.. Ew-
APT) calculated for the site of action of con- .
vulsions using the compressibility and critical
volume derived from Fig. 3. The shaded area
indicates the critical contraction at which con-

-0.5 vulsions first occur.

these convulsions can be prevented.
One thus achieves the state of a con-
vulsing anesthetized mouse, which

0 50 100 150 confirms the prediction that the two
sites of action are indeed separate!

TOTAL PRESSURE (Atmospheres) Because of the phenomenon of ac-
Figure 3. The percent volume change calculated for the gas mixtures (e.g.. EH, + EM.) that commodation to pressure, Fig. 4 does
give rise to an anesthetic ED" or a convulsion at the total pressure PT. 0 He-N*O; A He-N 2; not define the ultimate pressure
0 Ne-N 20; 0 H 2NO; A H2 alone. For data sources see (18). Reproduced with permission from limits. However even with cautious
reference (18). Copyright 1974 by the American Association for the Advancement of Science. compression schedules the condition

of mice at pressures above 200 atm
is rarely good. Further extension of'

ously. In addition since anesthetics ber of inert gases, the correct ranking pressure tolerance cannot then be
and pressure are both nonspecific in order of convulsion thresholds is ob- achieved with gas mixtures. We do
action it seems probable that there is tained. Nitrogen is found not to cause find that agents such as phenobarbital
a spectrum of similar sites some of convulsions because its solubility is have some advantages, but more
which might be involved with control high enough to result in net expan- specific pharmacological intervention
of vital cardiac and ventilatory proc- sion, while with helium and neon net will be required to significantly raise
esses. The roles of these in limiting contraction occurs mainly because of the tolerable threshold further.
the physiologically tolerable pressures their low solubility (Fig. 4). The re- Whether it will be possible to breed
are unknown. Furthermore there are sult of mixing a strongly expanding animals with tolerance to pressure
unrelated mechanisms where pres- gas, such as NgO, with helium is to remains to be seen.
sure or anesthetics may act either reduce the net compression. The mix- It is possible to extend this analysis
independently of each other or, more tures corresponding to expansion suf- to include predictions for manned
seriously, even synergistically. Such ficient to cause anesthesia or compres-
an effect has been reported, for sion sufficient to cause convulsions Figure . The total pressure at which anesthesia

example, on the slowing of the rate of are summarized in Fig. 5. Here the or convulsions will be observed calculated as a

beating of the pleopods of Marino- optimum mixture for the point where function of percentage of nitrous oxide mixed

gammarus marinus (12) by 0.005 atm the anesthesia and convulsion thresh- with helium. FSW feet of sea water.

of halothane (CFsCHCIBr), which is olds converge is seen to contain a M NITS OXE

enhanced by application of 136 atm, a little over 1% N 2O. Beyond this pres- to 2 .. I.

pressure which in the absence of anes- sure it is necessary to provide deeper ,,
thetic has no effect. and deeper anesthesia to prevent con-

In spite of these possible limitations vulsions. We have recently confirmed
the mixtures predicted by the critical the latter prediction in our laboratory. ,€
volume hypothesis appear realistic in With CD mice it is possible to prevent
so far as they have been tested. Thus if convulsions elicited by sound without
one calculates the net volume change loss of righting reflex at 130 atm total
that occurs when compression is car- pressure, but at 200 atm complete 0
nied out hydraulically, or with a num- loss of righting reflexes occurs before
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The Pressure Reversal of a Variety of Anesthetic Agents in Mice
Keith W. Miller, D.Phil., ° and Michael W. Wilson, B.S.t

The aimofthis workwas to study in mammas the ability ofhigh short-acting agents. In each case we confirmed our
pressures to reverse the anesthesia produced by a wide range of result by demonstrating that pressure reversal was re-
general anesthetics. Dose-response curves were obtained using versible, as follows: after anesth,.,sia had been reversed
mice at pressures ranging from I to 125 atm for five agents. namely
o-chloralose, ethylcarbamate, phenoberbital and, for comparison, by applying pressure it was reimposed by lowering
nitrogen and argon. The increase of ED3* ws found to be a linear the pressure again, thus showing that the hyperbaric.
function of pressure in each case, but the proportionate increases rather than the temporal, vector was responsible for
in ED,s with pressure were greater for the three non-inhalation the reversal of anesthesia. Our data suggest that the
sagea than for he two gases Thus, the ratio of EDs at 100a of th
to that a I aim was 1.74 for a-chloralose, 1.68 for ethylcarbamate, concept e critical volume hypothesis may be ap-
and 1.54 for phenobarbital. On the other hand, the corresponding plied to a wide range of general anesthetics acting in
ratios for argon and nitrogen were only 1.56 and 1.34. The po- mammals.
tencies of three short-acting agents (trichloroethanol, ketamine,
and aiphadione) were shown to increase with decreasing pressure, Methods
although ED3e values could not be obtained. It is concluded that
pressure reverses the actions of a wide variety of anesthetics in Two types of pressure chamber were employed. A
mice. The results of this study are not inconsistent with either single 34-liter chamber was used for the longer-acting
the luidized lipid membrane or the critical volume hypotheses of agents, whereas three 300-ml chambers allowed the
anesthetic action. (Key words: Theories of anesthesia, critical o- mo rapid changes
mise; Hyperbaria, reversal of anesthesia; Anesthetics, intrave- more in pressure required for the
nos, kesamine; Anesthetics, intravenous, steroid, siphadione; shorter-acting agents. The 34-liter chamber is con-
Hypnotics, barbiturates, phenobarbital; Hypnotics, a-chloralose; structed from a flanged cruciform cast-iron steam pipe
Hypnotics, urethane.) with a 7-inch ID, fitted at each end with a window

fashioned from 4-inch-thick plexiglass held in alumi-
IN THE FIRST DEMONSTRATION of the pressure reversal nium retainers sealed with "0" rings. This chamber
of anesthesia, Johnson and Flager (1950) showed that accommodates two seven-compartment rotatable, cy-
anesthesia induced in tadpoles by ethanol and ure- lindrical cages placed on carriages in front of the win-
thane was abolished by increasing the pressure.t Sub- dows. Two mice, probed for rectal temperature, are
sequent studies of inhalation agents in newts and mice placed in the center of the chamber. A muffin fan in
have lent support to the concept that anesthetics act the third arm and a heat exchange unit with fan in
by expanding hydrophobic regions in the central nerv- the fourth arm provide efficient gas mixing and heat
ous system (the critical volume hypothesis).-" Few distribution. Set temperature is maintained ± 0.1 de-
studies of intravenous agents in mammals have been gree C by circulating water through the internal heat
reported, however, largely because the ambiguities exchanger and an outer jacket. The temperature is
that are imposed by pharmacokinetics restrict such controlled by a thermistor in the chamber, which op-
studies to favorable cases s or to technically difficult crates a valve allowing short pulses of either hot or cold
procedures. In this study, we examined the interac- water into the heat exchanger.
tions between pressure and anesthetic potencies in The smaller stainless steel chambers are those de-
mice of six intravenous agents, and, for comparison, scribed earlier! One is fitted with a thermistor, and
two gaseous agents. We were able to demonstrate un- they are heated by an external hot air blower. A tem-
equivocally pressure reversal even with moderately perature increase of 3 C resulted from a typical com-

pression.
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the mice, and we found that the silica gel controlled TAsL 1. Variation of EDs. for Loss of Rolling Responses
chamber humidity sufficiently to prevent the windows with Total Pressure
from fogging. It and the charcoal also controlled am- T.M E1 sca
monia and other odors. , ,w, 2 SE .uAtr of ,ame

Response to anesthetics was measured as before.1  
Alsm ATA s'hg Anoau, t SE

The cages (or small chambers) were rotated at 4 rev- Phenobarbital 1 .113 " .0040 63 -12 "" 2.8
olutions/min and the ability of the mouse to remain 2 .112 = .0036 42 -14 z 4.6

s0 .147±: 0074 28 - 15±i-5.9upright observed in each of five complete revolutions 75 .162 -.0045 21 -23 ± 6.9
(the rolling response). A score between zero and five t00 .174 ±-.0042 28 -24 ± 8.9
could thus be obtained. Scores were recorded as per- "15* .15 t .021 14 -7.6 t 7.7
centages. a-Chloralose 2 .0301 "- .00092 34 -13 = 5.9

All experiments were carried out using male CD-i 10 .0314 = .00095 70 -13 = 3.1
mice (Charles River) weighing 20-30 g. Anesthetics 50 .0405 :t .00081 49 -21 = 7.0
were administered intraperitoneally. All doses were 250 .0366 - .00067 28 -27 = 9.6

adjusted in proportion to body weight. Ethylcarba- Ethyl 1 .97 = .051 14 -17 = 8.5
mate or urethane (Fisher), 2,2,2-trichloroethanol iarbamate 2 1.01 t .051 14 -19 t 9.3
(Fisher), and ketamine hvdrochloride (Ketalar, Parke 40 1.32 =.021 35 -55 t 26

70 1.45 ±t .061 28 -24 ", 8.4
Davis) were dissolved in physiologic saline solution 52* 1.30 z .055 24 -13 :t 6.5
before injection; a-chloralose (Aldrich) was dissolved
in saline solution containing ethylene glycol, 40 per Argon 19.1 18.1 .67 aIm 35 -i = 4.6'81 21.4±--.78 17 -14±"* 8.7
cent, before injection. Phenobarbital was supplied in 124 24.2 " .59 14 -32 = 16
solution (Invenex Pharmaceuticals) and diluted in sa-
line solution. Alphadione (Al: hesin) was a gift of Dr. Nitrogen 39.9 38.9 ± .94 atm 63 -12 = 3.8

81 45.7 t .66 28 -32t -14
G. H. Philips (Glaxo, U.K.) and contained alphaxalone 121 48.8 z .50 28 -46 - 20
and alphadolone acetate (3:1) dissolved in saline solu-
tion containing 20 per cent polyoxyethylated caster oil. * Values obtained on decompression.

After injection, the mice in their cages were sealed
into the large chamber, which was flushed with oxygen oxygen added, the response measured, and the chain-
for 5 min. The average time between injection and ber then pressurized with helium. The time between
compression with helium was about 30 min. The rate final injection and pressurization could be as little as 3
of pressurization was kept at about 2 atm/min, and min. Temperature rcgulation was observed to be less
chamber temperature was maintained at about 35 C in critical in the short exposures in these small chambers.
order to maintain rectal temperature at 37 ± 1 C. The No immediate change in response was elicited by rapid
response of the animals was measured with increasing changes of temperature in the range 27-36 C. After
pressure and time until it was 100 per cent. Decom- compression (at about 8 atm/min) to the maximum
pression was then begun, usually at about 1 atm/min, pressure of the experiment, animals were observed
and the response measured as before. until recovery of the rolling response occurred; then

For gaseous anesthetics the inert gas partial pres- the pressure was rapidly decreased by as much as 60
sure was increased to the desired value after oxygen per cent and the rolling response observed. In some
flushing was completed. Successive doses of gas could experiments the pressure was increased and de-
be added until a complete dose-response curve had creased several times. Controls showed no signs of
been defined. The pressure was further increased with decompression sickness' during such procedures.
helium until pressure reversal occurred, and then Dose-response curves were analyzed on a digital
anotheranestheticdose-responsecurvewasobtained. calculator using the method of Waud* for quantal
Compression rates were much slower (50 atm/hr) than responses. The scale parameter (table 1) provides a
with the other anesthetics because the same mice were measure of the slope of the dose-response curve.
also used later in experiments for observations of All pressures are absolute unless specifically stated
the effects of extremely high pressures (-200 atm), to be gauge.
which will be reported elsewhere. The animals were Results
thus partially pressurized late on the first day and
the dose-response curves obtained the following Phenobarbital provided sleep times in excess of
morning. eight hours. Responses were measured only between

With the shorter-acting anesthetics each mouse af- three and six hours after injection. Analysis of the
ter injection was sealed in a small chamber, 0.5 atm dose-response curves from a number of experiments

II



VU. No2. Fb 1978 PRESSURE REVERSAL OF ANESTHETICS 106

shows that EDs0 increases with pressure (table 1). Fur- pressure was found to be essentially linear and of
thermore, an EDso of 0.16 2" 0.005 g/kg at 75 atm about the same magnitude as for phenobarbital and
during compression compares well with one of 0.15 for ethylcarbamate (table 1). An ED50 obtained on
- 0.02 g/kg later during decompression from 100 decompression from 50 to 25 atm confirmed the

atm. In a few experiments we obtained a similar result reversibility of pressure reversal. A response of six
on decompression to 50 atm. Thus, a response of eight of seven mice at 50 atm decreased to one of seven at
of nine mice at 100 atm because zero of nine on lower- 25 atm (P - 0.002) in one experiment.
ing the pressure to 50 atm (P 4 0.005). Mice anesthetized with trichioroethanol had rather

Ethylcarbamate (1.2 g/kg) provided a sleep time of variable sleep times; nonetheless, marked and re-
four hours. Dose-response curves were obtained at versible effects of pressure were individually demon-
1, 2, 40, and 70 atm. The ED." increased with pres- strated. Thus, three mice received 311.4 mg/kg. The
sure from 1.0 g/kg at 1 atm to 1.45 g/kg at 70 first awoke 40 min later at 136 atm. The pressure was
atm (table 1), and the EDso obtained on lowering the decreased in 5 min to 54 atm, reanesthetizing the
pressure was consistent with that obtained earlier mouse for a further 5 min. The second awoke 30
during compression. In one experiment a response min later at 116 atm and was reanesthetized for a
of nine of ten mice at 70 atm became four of ten at further 30 min by lowering the pressure to 48 atm.
52 atm (P = 0.03). The rolling response was again restored for a few

Sleep times with a-chloralose were little more than minutes by increasing pressure to 116 atm, lost
an hour, but induction took 30-60 minutes, so it on decreasing pressure to 68 atm, and after 8 min
was possible to load the large chamber and obtain restored to an average of 50 per cent by increas-
complete dose-response curves at pressure. How- ing pressure to 85 atm. The third mouse, ifter 27
ever, several additional prublems were encountered min at 119 atm, had an average rolling response of
with this agent. First, dose-dependent uncoordinated 50 per cent, which was increased to 100 per cent
activity and twitching were a feature of a-chloralose at 129 atm and reduced to 20 per cent at 122 atm.
anesthesia that appeared to be exacerbated by pres- A fourth mouse received 233.6 mg/kg and awoke
-sure. By way of contrast, the other agents tested gave after 6 min at 34 atm, was anesthetized again by
good protection against the hyperexcitability nor- lowering the pressure to 13 atm, and reawoke on
mally encountered at pressure.'0 However, with increasing the pressure to 34 atm.
ea-chloralose above about 65 atm, extremely unco- Alphadione (40 mg/kg) sleep times ranged from
ordinated movement3i, and even mild clonic con- half an hour to an hour. Two mice were pres-
vulsions, prevented us from obtaining meaningful surized in small chambers to 130 atm. After recovery
righting reflex data at still higher pressures. Conse- of rolling responses (21 and 25 min after injec-
quently, all work was carried out at or below 50 atm. tion), the pressure was decreased to 55 atm, com-
Second, rectal temperatures of animals injected with pletely restoring anesthesia. Rolling responses at this
a-chloralose were extremely sensitive to environ- pressure were recovered in both cases 35 min after
mental temperature, increasing, for example, 0.8- injection. Longer sleep times were produced by re-
1.5 C during compression from 10 to 50 atm and peated injection. Six mice received injections of 100
then rapidly returning to their initial value. Further- mg/kg, with two to four subsequent doses otf50 mg/kg
more, the observed response was unusually sensitive on awakening, and were then pressurized in small
to rectal temperature. Consequently, rectal tempera- chambers to 90 atm. Rolling response was regained
ture was closely controlled in the range 36.7-37.2 C. after periods ranging from 20 to 105 min. As before.
Even so, an additional variable was found to be the pressure was decreased in each case at this point,
presence of helium. Thus, at I atm oxygen plus I yielding five mice with complete loss of rolling re-
atm helium an EDs0 of 30 mg/kg was determined, sponse (one at 62 atm and four at 35 atm). The
while in air in the chamber 70 per cent of animals sixth mouse had an average rolling response of 50
righted at 36 mg/kg, even though the rectal tempera- per cent at 35 atm. All animals recovered from anes-
ture was slightly lower than usual. This effect of thesia at the lower pressure within 60-165 min after
helium was not further investigated, but we carried the final injection.
out all measurements in the presence of at least I The sleep time with ketamine, even after repeated
atm helium and included an extra determination at injections, rarely exceeded 30 min. This made unequiv-
10 atm. The ED50 values of phenobarbital and ocal demonstration of pressure reversal difficult. In
ethylcarbamate were found to be the same in I atm three mice given 100 mg/kg the rolling response
oxygen and I atm oxygen plus 1 atm helium (table 1). recovered at 68 atm after 15 to 30 min. Anesthesia
With these precautions, the dependence of ED50 on was restored for more than 5 min by lowering the
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pressure to 20 atm. A fourth mouse, which recovered semiquantitative and carried out in tadpoles. Thus,
the rolling response after 10 min at 68 atm, was our data for nitrogen and argon are broadly consis-
reanesthetized for 5 min by decreasing pressure to tent with similar data of R.A. Smith, ei al. ob-
44 atm. All four animals regained normal behavior tained in mice, except in one particular. These in-
at pressure. In another case anesthesia was not re- vestigators claim that the ED". of these gases is not a
stored by lowering pressure to 20 atm, which was the linear function of pressure. We have analyzed their
practical lower limit of pressure imposed by the oxy- data and find that the curvilinearity is significant
gen levels, for nitrogen only (comparing a linear with a quadratic

Because of the uncertainties surrounding the results regression by analysis of variance, the F-test yields
with ketamine and alphadione we confirmed them for argon P > 0.05 and for nitrogen P < 0.01). Our
with experiments on 10- 12-day-old rats, which have own less extensive data do not confirm this non-
sleeping times of 2-4 hours in the large chamber. linearity, nor does previous work with newts,3 but
In one experiment a dozen 12-day-old rats were more detailed work is needed to resolve this point.
given 30 mg/kg ketamine intraperitoneally. Their Our data for phenobarbital agree well with results
response 55 min after injection was 50 per cent at of a previous study at 103 atm' by the same investi-
100 atm. They were decompressed at 12 atm/min to gators. In addition, our study shows the ED1. to
50 atm; after 10 min their response was 0 per cent increase linearly and reversibly with pressure. Thus,
(P = 0.007). They- were then recompressed at 12 our data for three anesthetics are in 'nost respects in
atdmin to 100 atm, where they gave a response of satisfactory agreement with independent work. Our
67 per cent. Similarly, with alphadione 40 mg/kg quantitative data for a-chloralose and ethylcarbamate
gave three and a half- to four-hour sleep times. show relations between ED59 and pressure similar
Nine rats had responses of 67 per cent at 100 atm 85 to that of phenobarbital. This is the first demonstra-
min after injection, zero at 50 atm 98 min after in- tion of pressure reversal with a-chloralose; an early
jection (P < 0.005), and 100 per cent at 100 atm qualitative study with tadpoles confirms our ethyl-
104 min after injection. Nine other rats had re- carbamate data.' Although a-chloralose pressure-
sponses of 72 per cent at 100 atm 90 min after in- reversed normally, it differed from the other
jection, zero at 50 atm 104 min after injection (P anesthetics in not protecting against high-pressure ex-
< 0.005), and 55 per cent at 50 atm 164 min after citability and in its sensitivity to low partial pres-
injection. sures of helium. Our work provides no explanation

One general observation from the quantitative for these effects, but others have reported effects of
studies was the tendency for the dose-response helium at low partial pressures on the sympathetic
curves to become steeper with pressure (i.e., the nervous system and cardiovascular function." Our
scale parameter$ becomes more negative). This had demonstration of reversible pressure reversal of
been noted previously in the phenobarbital study.8  trichloroethanol. alphadione and ketamine in mice
Our data cover four more anesthetics. Regressing and young rats is new. The results are consistent
the 21 unweighted scale parameters in table 1 against with a decreased ketamine sleep time observed in
pressure yields a slope of -0.45 ± 0.15, an intercept guinea pigs at pressure' and the reversal of alphadione
of -6.5 ± 10.1. and a correlation coefficient of 0.55. anesthesia in tadpoles.1" More quantitative work than
The F test concludes this slope to be less than zero this in mammals will require determination of drug
with 99 per cent confidence. Thus, the population levels in vivo.
homogeneity of our sample of animals apparently Our data extend to mammals the conclusion that the
increases with pressure. Intuitively, one would have. potencies of a wide range of anesthetic agents may
expected pressurization to increase the scatter in our be decreased by increased pressures. 2 Although these
data becau,- of the introduction of additional vari- agents differ in many of their effects, it has often
ables. Onr possible explanation is that the heat been supposed that they produce anesthesia by a
losses imrosed by hyperbaric helium, together with common mechanism. - "4 That these nonspecific
our close control of environmental temperature, may agents are antagonized by a nonspecific agent such
actuall, have imposed a more uniform temperature as pressure is appropriate, and is consistent with the
on the group of mice. above-mentioned view. Presumably, the anesthetic-

Discussion
Smith RA, Winter PM, Halsey Mj. et al: Helium pressureWe were able to demonstrate pressure reversal produces a non-linear antagonism of argon or nitrogen anesthesia

with all the anesthetics we examined. This conclusion in mice. Abstracts, American Society of Anesthesiologists, 1975.
is supported by other studies, some of them only pp 217-218.
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.2 FIG. 1. Results for non-inhalation anesthetics
plotted according to equation 4 and for gaseous anes.
thetics according to equation 5. The units of P,,. are

- 1.4 atmospheres. The lines were fitted by least-squares
0° analysis through the origin. Since the standard devi-

0 / ations of the EDe's (table 1) vary consderably. each
0 point was weighted by the reciprocal of the sum of

the variances of the ED&* of the anesthetic alone and
" + 0 ETHL C A at pressure. The sum of the weights has been nor-

* 0 .0u.oeAOc malized to equal the number of data points. The
U+ A PK0MCNOAOITAL slope (=standard deviation) for the non-gaseous

agents is 6.1 x 10- 3 .t 0.24 x 10- and that for theX AM4OC twogases3.5 x 10- 3 :L0.19 x 10-.Thesolid symbols

+ represent ED" values obtained during decom-
pression.

I.

0 50 100 150

P£

pressure interaction must occur at several sites, not venous anesthetics to test the critical volume hy-
all of which are involved in anesthesia. In fact, pres- pothesis, which previous tests have confirmed for
sure studies have distinguished one site where pres- gaseous anesthetics in newts' and mice. s First. we
sure reverses anesthesia from another where anes- extend the previous derivation for gases to non-
thetics reverse high pressure-induced convulsions, 't1 inhalation agents, for which the fractional expansion
but in general more detailed studies will be needed to may be written:
resolve such questions. One such study shows that C (1)
the nerve block occasioned by charged local anesthet- EL =

ics is not pressure-reversed, while that of the un- V.
charged local anesthetics is." This is consistent with where Elm is the fractional expansion of the anesthetic
the view that while the latter form .cts nonspecifically, site of action at I atmosphere (superscript) when an
the charged form acts at a specific site and cannot EDs0 concentration of anesthetic. Cw. is achieved.
be reversed by pressure. t " In this case pressure pro- Va is the partial molar volume of the anesthetic
vides a tool for distinguishing the two actions, as it and V. the molar volume of the site of action. The
may do in less well understood situations." fractional expansion, E., caused by increasing the

Our results may be examined in the light of two partial pressure of helium, Pe, is given by3 :
current views of the mechanism of general anesthesia.
These are the so-called critical volume hypothesis (PH*XH.V../
and the fluidized lipid hypothesis. EN, V. - 3Pi (2)

General anesthetics fluidize lipid bilayer mem-
branes containing cholesterol, whereas lipid-soluble where xN, is the mole fraction solubility and fH. the
non-anesthetics (e.g., tetradecanol) do not, and partial partial molar volume of hel;,,n at the anesthetic site
anesthetics (e.g., tetrahydrocannabinol) do so to only a of compressibility 8. For ,,i simple solvents it is
limited extentr.' - u This effect is reversed by pres- found that the compressibility term in equation 2 is
sure.20a Some of the agents we studied have already larger than the expansion term due to helium dis-
been reported to fluidize membranes.A2 4 In addi- solving, so net compression results. For more soluble

tion, a-chloralose, phenobarbital and trichloroethanol gases (larger x), net expansion occurs. If C is the
fluidize such lipid bilayers (Pang and Miller, unpub- concentration at the anesthetic site required to pro-
lished observations). Thus. our data are self-consistent duce an ED 0 response at total pressure PT. then
with the fluidized lipid hypothesis when cholesterol: according to the critical volume hypothesis:
phospholipid bilayers are used as a model of the site EL _ _+(

of action. E6 + E. (3)
We may now use our quantitative data for intra- V. V.
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whence: observed result. The correct interpretation may, of

CL course, lie between these limits. More detailed experi-
I, V PHe + I APH. + 1 (4) ments will clearly be necessary to settle these points.

C4 t E~oV. and to determine whether this slope anomaly is cor-

Similarly, for gaseous anesthetics it has been shown patible with the critical volume hypothesis, or
thats: whether it has some artifactual explanation, as sug-

L ( )gested by the data from tadpoles.
-- = A(P - P?) + I = AP, + 1 (5) Finally, our work also has a bearing on the prob-
NO lem of controlling the hyperexcitability observed in

where P,1 is the EDso partial pressure of the pure gas, divers breathing helium-oxygen mixtures at great
P19 is the EDws partial pressure in the presence of depths. Thus, the current use of nitrogen-helium-
additional helium pressure, and P is the total pres- oxygen mixtures for divers was suggested on the
sure. If the sites and mechanisms of action of gaseous basis that protection against hyperexcitability could be
and non-gaseous anesthetics are identical, then linear obtained at pressure without incurring nitrogen
plots of equations 4 and 5 should have equal slopes, narcosis because it would be pressure-reversed.26

Before such a test may be made, however, equation Our present results suggest that a wider variety of
4 needs to be modified to experimental variables by depressive agents may be employed for this purpose
the assumption that the ratio of total doses per unit in a similar manner. Such an increase in the modali-
weight are an adequate representation of the ratio ties available to treat this high-pressure neurologic
(CIO/C31). syndrome could be an advantage in view of the

Figure I shows that the linear forms of equations limited effectiveness of gas mixtures at extreme
4 and 5 are supported by our data. Thus, our de- depths -

_20
27

tailed results for three solid anesthetics are consistent
with the critical volume hypothesis, just as previous The authors thank Mr. Paul Wankowicz for help in construct-
detailed studies with gases have been shown to be.3"5  ing and maintaining the hyperbaric facility.

However, the slopes for the gaseous and non-gaseous Vote added in proof. A recent publication shows that the

agents in figure 1 are unexpectedly found to differ pressure reversal of alphadione also occurs more rapidly
by a factor of nearly 2. In tadpoles, on the other than that of gaseous anesthetics. Bailey CP. Green CJ
hand, our analysis of some preliminary data" sug- Halsey MJ, and Wardley-Smith B: J Appl Physiol 43:
gests that halothane and alphadione pressure-reverse 183-188, 1977.
identically. Further quantitative work with tadpoles
would be useful to resolve this point because of the References
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Naloxone Has No Effect on Nitrous Oxide Anesthesia

Raymond A. Smith, D.Phil.,* Michael Wilson, B.S.,t Keith W. Miller, D.Phil.t

It has been reported that naloxone antagonizes general anes- stimulus and a purposeful response. The concentra-
thesia in rats when the tail clamp is used as a painful stimulus tion of anesthetic necessary to block a response in-
to assess anesthesia.' The authors' hypothesis is that this antagon-
ism is to the analgesic component of anesthesia only, and that creases with the intensity of the stimulus until a

anesthesia assessed by a non-painful stimulus would not be plateau of supramaximal stimulation is reached, after

antagonized by nalozone. Therefore, the anesthetic potency of which no further increase in dose is needed.' In the
nitrous oxide in mice was measured using loss of the righting experiments of Finck et al.' the ph..sical stimulus
reflex as a non-painful stimulus. Naloxone, 2 and 16 mg/kg, (tail clamp) was the same for both naloxone-treated
intraperitoneally, failed to antagonize nitrous oxide anesthesia and control animals. However, at a given anesthetic
measured 14-39 min after injection. Thus, 19 min after injec-
tion of naloxone, 2 mg/lkg, the nitrous oxide ED30 was 1.25 "t 0.060 concentration, the perception of this painful stimulus

atm (n = 35), compared with 1.19 t 0.OSS atm (n = 35) after in- in the central nervous system may have been greater
jection of saline solution (control). Following naloxone, 16 mg/kg, in the naloxone-treated than in the control animals,
the nitrous oxide EDw was 1.18 ±t 0.059 atm (n = 35), compared so that they responded more. We have performed ex-
with 1.22 ± 0.059 atm (n = 35) for saline solution. At neither dose periments using the rotation of an animal's cage as a
of naloxone wa the ED5o different from the control EDo a finding
that supports the authors' hypothesis. (Key words: Analgesia: nonpainful stimulus. This stimulation of the righting

measurement. Anesthetics, gases: nitrous oxide. Antagonists, reflexes provides an observable anesthetic end-point
narcotic: naloxone.) that yields ED50 values close to those obtained using

BERKOWITZ AND CO-WORKERS
2 have shown that the painful stimuli.

4

dose-related analgesia (measured by the writhing re- Methods
sponse to intraperitoneal injection of phenylquinone We used a 34-1 steel pressure chamber equipped
in mice) produced by nitrous oxide is reversed by with a circulating fan, carbon dioxide scrubber,
naloxone. They suggested that the analgesia asso- temperature control device, and motors to rotate the
ciated with general anesthesia may be related to the cages.2 Eight mice received intraperitoneal injections
release of endogenous opiates. Finck et al. recently of naloxone hydrochloride, 2 or 16 mg/kg, and eight
studied the effect of naloxone on general anesthesia, control mice received injections of physiologic saline
based on the possibility that anesthetics may act partly solution. The latter dose of naloxone is at least 32 times
by releasing a morphine-like substance.' Using con- the dose that was found to antagonize completely
stant doses of halothane, enflurane, or cyclopropane the analgesic effect of either fentanyl alone or fentanyl
such that about 40 per cent of the animals responded combined with droperidol for at least 30 min when in-
to a tail clamp applied for 30 sec, they found that jected intraperitoneally in mice.6 Seven each of the
the average number of animals responding increased naloxone-treated and the control mice were placed in
from 40 to 70 per cent when naloxone was given. Since individually marked wire mesh cages. Two sets of
analgesia is part of the state of anesthesia, they con- seven cages were mounted in front of different win-
cluded that naloxone partially antagonizes general dows in the pressure chamber. Chamber temperature
anesthesia. We believe this conclusion may be related was monitored and adjusted to maintain the rectal
to the painful stimulus they used to assess anesthesia. temperatures of the two remaining restrained mice

Any measure of anesthesia must involve both a between 36.5 and 38 C. The chamber was sealed and

* Research Fellow, Harvard Medical School. the oxygen partial pressure increased to 0.5 atm.

t Research Assistant, Massachusetts General Hospital. Nitrous oxide was then immediately added to the
* Associate Professor of Pharmacology in the Department of desired partial pressure, a total of 9 min after injec-

Anesthesia, Harvard Medical School. tion. The rolling response was measured 5, 10, 20, and
Received from the laboratories of the Department of Anesthesia, 30 min after exposure to nitrous oxide. Two ob-

Harvard Medical School at the Massachusetts General Hospital,
Boston, Massachusetts 02114. Accepted for publication January servers, who were unaware of the treatment each

6, 1978. Supported in part by an Office of Naval Research con- mouse had received, each recorded the response of
tract (N00014-75-C-0727) with funds provided by the Naval Medical seven animals. The cages were rotated at 4 rpm. All
Research and Development Command and in part by a grant from mice that rolled over completely during more than one
the National Institute of General Medical Sciences (GM-15904). revolution of a five-revolution sequence were scored 0.
Dr. Miller is supported by a Public Health Service Career Develop- Mice remaining upright or falling over during one
ment Award (GM-00199) from the National Institute of General

Medical Sciences. revolution only were scored 1. We used new groups #_7
Address reprint requests to Dr. Miller. mice for each of five doses of nitrous oxide (0.98, 1.13.
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TABLE 1. EDxo Values for L)ss o1" Righting Responses during Exposures to Five Doses
of Nitrous Oxide in Control and Naloxone-treated Mice

Saline Solution Nakixont
ED. ± SE ED. ± SE

Time after Time after (Atm) (Atm) Significance
Injection of Nitrous Oxide n - 35 n - 35 of Difference
Naloxne Exposure (Seen Animals (Sewn Animals Between

(Min) (Min) at Each NO Dose) at Each NO D1s) ED. Values

Naloxone, 14 5 1.08 ± 0.036 1.11 ±: 0.034 P = 0.92
2 mg/kg, ip 19 10 1.19 ± 0.053 1.25 ± 0.060 P = 0.9029 20 1.20 -± 0.057 1.31 0.077 P = 0.84

39 30 1.16 -± 0.035 1.23 0.039 P = 0.82

Naloxone, 14 5 1.17 t 0.095 1.05 : 0.107 P = 0.3816 mg/kg, ip 19 10 1.22 :t 0.059 1. 18 t 0.059 P = 0.60

29 20 1.25 _t 0.059 i.29 ± 0.061 P = 0.60
39 %0 1.18 t 0.060 1.27 ± 0.062 P = 0.14

1.17, 1.22, and 1.35 atm for the 2 mg/kg naloxone torydepressant effectsof fentanyl (0.4 and 0.8 mg/kg),
series of experiments and 1.01, 1.14, 1.26, 1.40, and but that there was an observable return of analgesia
1.52 atm for the 16 mglkg naloxone series), at 45-60 min. It thus seems improbable that ineffec-

The resulting five-point dose-response curves were tive levels of naloxone were present in our experi-
analyzed by logit methods.7 First, the curves obtained ments, particularly at the highest dose used.
with naloxone and with saline solution were analyzed Thus, our results show that naloxone has no effect
allowing their slopes to vary independently. Since on the ability of nitrous oxide to prevent mice from
there was no significant difference between the two perceiving spatial disorientation, whereas Berkowitz
slopes, a second analysis assuming a common slope at". have shown that naloxone reverses nitrous
for the two curves was performed to obtain EDo oxide-induced analgesia assessed by a nosious writh-
vilues with their standard errors. ing test. There is no contradiction in these observa-

tions, since the latter deals purely with the analgesic
Results effect of nitrous oxide whereas the former does no-

The ED,, values for the control and naloxoie- involve any anti-nociceptive response. Classically.
treated mice were not significantly different (table I). general anesthesia consists of several components,
A t test for paired data of the individual responses in which include loss of consciousness, amnesia, anal-
each greup at each dose also failed to show significant gesia, and depression of reflexes. The experiments of
differences between the groups. The EDso values 5 Finck et at' measured the ability )f rats that had
min after exposure showed evidence of a rapidly de- central nervous system depression to respond to i
veloping acute tolerance, previously reported by painful stimulus. This provides a composite end-point
Smith et aL.§ The later EDs0 values were higher than that includes analgesia and, probably, loss of con-
the 5-min EDso values in both control and naloxone- sciousness and the depression of reflexes. The rolling
treated mice. Therefore, we conclude that naloxone response, which we used, is also a composite end-
had no effect on the developm, "it of acute tolerance. point, which probably includes both loss of conscious-

ness and depression of reflexes. Although we do not
Discusion know what proportions of these components of anes-

thesia are represented by the tail clamp and the rollingWe mst onsderthe ossbilty hat he nefectve- response end-points, the three sets of observations are

ness -' A naloxone in our experiments resulted from its conse e poin e i r naioxone oba eat on s are

rapid removal from the brain. Ngai e al have shown nalgesic but not the other components of anesthesia

that in rats given naloxone, 5 mg/kg, intravenously caused by nitrous oxide.

drug levels decayed with a half-life of 30 min in serum, Several studies have suggested that naloxone may

and that brain levels paralleled serum levels. Further- also antagonize certain effects of other non-opiate

more, in mice, Smith" has shown that as little as 0.5 central nervous system depressants. Bum oh an.

mg/kg naloxone administered intraperitoneally com- have reported that ethanol-induced sleeping time in
pletely reversed both the analgesic and the respira- mice is decreased significantly by naloxone. 5 mg/kg,

I Smith RA. Winter PM, Smith M, et al: Rapidly developing intraperitoneally.9 Ffirst et at. showed that naloxone,
tolerance to an acute exposure of nitrous oxide (abstr. American 1 mg/kg, delayed the onset and decreased the duration
Society of Anesthesioloigiss Annual Meetinjg, 1976, pp 313-314. of pentobarbital- or methohexital-induced loss of
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righting reflex (sleeping time) in rats.' However. 2. Berkowitz BA, Ngai SH. Finck AD: Nitrous oxide"analgesia":
without knowledge of the brain levels of the depres- Resemblance to opiate action. Science 194:967-968. 1976

sam drugs used in these experiments, and because of 3. Eger El 11, Saidman Lj. Brandstater B: Minimum alveolar
anesthetic concentration: A standard of anesthetic potency.the problems of associating changes in sleeping time ANESTHESIOLOGY 26:756-763, 1965

with shifts in dose-response curves, it is difficult to 4. Miller KW, Paton WDM, Smith EB: The anaesthetic pressures

assess the true difference between results in naloxone- of certain fluorine-containing gases. Br J Anaesth 39:910-
treated and control animals in these studies. In our 918, 1967

studies the inspired doses of nitrous oxide and the 5. Miller KW, Wilson MW: The pressure reversal of a variety of
anesthetic agents in mice. ANESTHESIOLOGY 48:104-110, 1978

rectal temperatures of the mice were kept constant, 6. Smith WD: A comparison in mice of naloxone and nalorphine

and thus brain levels of nitrous oxide would be as antagonists to neuroleptanalgesic drugs. BrJ Anaesth 48:
constant and equal in 6oth naloxone-treated and con- 1039-1044, 1976
trol mice. Thus, even though anesthetics and other 7. Waud DR: On biological assays involving quantal responses.
non-opiate central nervous system depressant drugs J Pharmacol Exp Ther 183:577-607, 1972

might release an opiate-like factor in the brain,1 there 8. Ngai SH, Berkowitz BA, Yang JC et af: Pharmacokinetics of
naloxone in rats and in man: Basis for its potency and

is at present no unequivocal evidence that this con- short duration of action. ANESTHStIOLOGv 44:398-401,
tributes to any other than the analgesic component 1976
of the state of general anesthesia. 9. Blum K, WallaceJE, EubanksJD, et al: Effects of naloxone on

ethanol withdrawal, preference and narcosis. Pharma-
References cologist 17:197, 1975

I. Finck AD, Ngai SH, Berkowitz BA: Antagonism of general 10. Furst Z, Foldes FF, Knoll J: The influence of naloxone
anesthesia by naloxone in the rat. ANESTHESIOLOGY 46: on barbiturate anesthesia and toxicity in the rat. Life Sci
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CHOLESTEROL MODULATES THE EFFECTS OF MEMBRANE
PERTURBERS IN PHOSPHOLIPID VESICLES AND BIOMEMBRANES

KAM-YEE Y. PANG and KEITH W. MILLER

Departments of Pharmacology and Anesthesia, Harvard Medical School and Massachusetts
General Hospital, Boston, Mass. 02114 (U.S.A.)

(Received December 2nd, 1977)

Summary

The order parameter of spin-labeled phosphatidylcholine vesicles has been
shown to increase upon incorporation 9f cholesterol, cannabinol, chlorprom-
azine and pentobarbital. Cannabinol was as effective on a mole basis as choles-
terol in increasing the order parameter of 5-doxyl stearic acid in phosphatidyl-
choline: 4% phosphatidic acid bilayers at low concentrations. The average
increase in order parameter with chlorpromazine and pentobarbital was two
to three times less than that of cholesterol. Relative to cholesterol these com-
pounds were less effective at ordering 1-acyl-2[8(4,4-dimethyloxazolidine-N-
oxyl)] palmitoyl phosphatidylcholine.

The ordering effect with any given membrane perturber became smaller
when increasing amounts of cholesterol were incorporated in the phospholipid
bilayers until a disordering effect was finally observed. The cholesterol compo-
sition at which this cross-over from ordering to disordering occurred varied
with the perturber, being 26 mole % for chlorpromazine, 23 mole % for canna-
binol and 14 mole % for pentobarbital. The ability of cholesterol itself to
increase the order parameter of the bilayer was decreased in the presence of
these perturbers.

These compounds may exert their ordering effect on the interfacial region of
phospholipid bilayers in an analogous manner to cholesterol. However, at
higher cholesterol contents their additional ordering effect is more than coun-
terbalanced by a weakening of the cholesterol-acyl interaction and a net dis-
ordering effect results.

In biological membranes a similar role for cholesterol in modulating the
effect of perturbers was observed. Cannabinol decreased the order of erythro-
cyte membranes but increased that of mitochondrial membranes, while octanol
disordered both of these biological membranes.

Abbreviations: PC (7.6). 1-acyl-2[S(4,4-dimethyloxazolidine-N-oxyl)J palmitoyl phosphatidylcholint:
PC (10.3), 1-acyl-2[6(4.4-dimethytoxazoUdln.-N-oxyl)| palitoyl phosphaUdylchoune.
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Introduction

Cholesterol is 4 major component in mammalian membranes and yet its con-
tent varies from one membrane to another; it ranges, for example, from 40
mole % in myelin to 6 mole % in mitochondria [1). The exact function of cho-
lesterol in the membrane is still unknown, but biophysical studies on model
membranes show that one role of cholesterol in membranes is to regulate the
degree of order and mobility of the acyl chains of lipids, i.e., above the transi-
tion temperature of the phospholipid, cholesterol reduces the mobility of the
acyl chain while below the transition temperature, it has the opposite effect.
Cholesterol thus acts as a modulator of the packing of the acyl chains of phos-
pholipids.

On the other hand many studies [2-4] have shown that small lipophiic
molecules fluidize membranes. Many of these compounds are pharmacological
agents such as general and local anesthetics and their ability to fluidize mem-
branes has been related to their pharmacological potency. However, more
recently a few studies have shown that lipophilic molecules may also exert a
condensing effect on lipid bilayers. Thus, cannabinol increases the order param-
eter of dipalmitoyl phosphatidylcholine-cholesterol bilayers [5], and local
anesthetics have a similar effect on decholesterolized ox-brain lipids [6]. In a
preliminary communication [71 we have shown that pentobarbital and some
other anesthetics may exert either a condensing or a disordering effect on phos-
phatidylcholine bilayers depending on their cholesterol content. Thus, under
some circumstances these compounds mimic the effect of cholesterol in reduc-
ing the mobility of the acyl chains in phospholipid bilayers. In this study we
compare the ability of a number of compounds to order phospholipid bilayers
and we examine in detail the role of the cholesterol content of bilayers in
modulating their ability to be either ordered or disordered. We also show that
our conclusions are applicable to biological membranes.

Materials and Methods

The effect of the lipid-soluble compounds on membrane structure was gen-
erally monitored from the electron spin resonance (ESR) spectra of 5-doxyl
stearic acid (Synva, Calif.) and 1-acyl-2[8(4,4-dimethyloxazolidine-N-oxyl)]
palmitoyl phosphatidyicholine (PC (7,6)) label which was synthesized in this
laboratory by Dr. M. Pringle according to the method of Hubbell and McConnell
(81. Egg yolk phosphatidylcholine and phosphatidic acid were from Lipid
Products, Surrey, U.K. and used without further purification. Cholesterol
(Sigma) was recrystallized in methianol. Chlorpromazine hydrochloride and
pentobarbital were from Sigma. Octanol was purchased from Applied Science,
State College, Pa. One sample of cannabinol was a gift from the National Insti-
tute on Drug Abuse, and was 98% pure. Another was purchased from Poly Sci-
ence, Warrington, Pa at 95% purity and further purified by thin layer chroma-
tography [9].

Stock solutions (36 mg/ml) of phosphatidylcholine: 4% phosphatidic acid
containing various mole percentages of cholesterol were made up in chloro-
form/methanol (9: 1, v/v) to avoid variation between experiments. 0.5 ml of

I *1!
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stock solution was mixed with the spin label in methanol and with drugs in
chloroform/methanol or ethanol and dried down in a rotatory evaporator.
Residual solvent was removed by pumping on a vacuum line for at least 2 h.
Tris buffer (0.01 M, pH 7) in 0.15 M KCI was added and liposomes were
formed by vigorous vortexing for 1 min. The final concentration of lipid was
15-25 mg/ml, with spin label constituting about 1 mole % of the lipid. Drugs
were equilibrated with liposomes for up to 24 h at 25°C before being sealed in
1 mm glass capillaries. All the drugs in the study are highly lipophilic, for
example, the partition coefficient of octanol is 152 in erythrocytes [101 and
670 in dipalmitoyl phosphatidylcholine [11] and, thus, are expected to be
mainly concentrated in the lipid phase. Spectra were recorded on either a
Varian E-9 or E-109 electron spin resonance spectrometer operating at 9.5 GHz
with the variable temperature control unit set at 23°C or 25°C. Order param-
eters, S, were calculated from the spectra according to the method of Hubbell
and McConnell and the T, value was corrected by the method of Gaffney
[8,121.

Mitochondria from rat liver were prepared using the method of Parsons and
Williams [131 Erythrocyte ghosts were prepared from out-dated human blood
according to the procedures of Dodge et al. [141. The protein concentration of
membranes was determined by the method of Lowry [15]. To label the mem-
branes, 1 ml of a membrane solution was added to a test tube containing an
appropriate amount of 5-doxyl stearic acid label previously deposited in a thin
film, and was incubated overnight at 4°C. The spin-labeled membrane solutions
were spun down (9750 x g for 10 min for mitochondria; 20 000 X g for 30 min
for erythrocyte ghosts) and resuspended in Tris buffer. Aliquots of labeled
mitochondrial membranes were incubated for 1 h at 23°C with the desired
amount of cannabinol or octanol, which were previously deposited on test
tubes. For erythrocyte ghosts, the incubation with drugs was usually carried
out at 40C overnight. ESR spectra were obtained at 230 C.

Results

The order parameter, S, in phosphatidylcholine: 4% phosphatidic acid
bilayers increases when either cholesterol, cannabinol, chlorpromazine or
pentobarbital are add~d (Fig. 1, A and B). Similar results have been reported
for cholesterol in phosphatidylcholine bilayers [16-21] and for pentobarbital
and chlorpromazine in decholesterolized ox-brain lipids (6]. None of the other
compounds produced such a large absolute ordering as cholesterol. Cannabinol
was the strongest orderer of the other three. It ordered 5-doxyl stearic acid as
strongly as cholesterol on a mole basis, but the effect appeared to saturate
above 17 mole %. No such saturation was observed up to 34 mole % by PC
(7,6), possibly reflecting different interactions at the interface and the interior
of the bilayer. There is also a suggestion, particularly with 5-doxyl stearic acid,
of curvature in some of the other data, but the effect is not large compared to
our errors and because of the difficulties of solubilizing these compounds we
did not pursue it in more detail. Nor did we find any consistent and reproduci-
ble non-linearities in other experiments even at high concentrations (e.g. Figs. 2
and 5). With these reservations we have assumed linearity in our analysis.

i~I
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Fig. 1. A. Change in order parameter (AS) of spin labeled 5-doxyl stearic acid in phosphatidylchoLine: 4%
phosphaddic acid vesicles concaining various mole fraction4 of cholesterol. cannabinol, chlorpromazine
and pentobarbitaL The slopes (AS/X 2 ) were as follows: cholesterol. 0.27 t 0.01 (S.D.), cannabinol.
0.23 ± 0.03; chlorpromazine, 0.09 ± 0.01: pontobarbital, 0.12 ± 0.01. Error bars are standard deviations,
other points represent single experiments, and the regressions were weighted by the number of points.

This procedure is followed in all subsequent figures. B. The corresponding results with PC (7,6) were:
cholesterol, 0.37 t 0.02: cannabinol. 0.22 1 0.01: chiorpromazine. 0.10 ± 0.01. The mean order param-
cter for control vesicles with 5-doxyl stearic acid was 0.599 t 0.009. with PC (7.6) was 0.499 ± 0.005.

Cholesterol increases the order of 5-doxyl stearic acid less than that of PC
(7,6) (Fig. 1, A and B), as has been found by previous workers [17,22]. How-
ever, recent deuterium magnetic resonance studies shoil that cholesterol causes
a uniform ordering of the acyl chains in this region [21,23,24]. A similar dis-
crepancy is found between the two methods when the fluidity gradient is con-
sidered [21]. An additional uncertainty in our experiments is the location of
5-doxyl stearic acid compared to PC (7,6). We attempted to use 1-acyl-2[5(4,4-
dimethyloxazolidine-N-oxyl)) palmitoyl phosphatidylcholine (PC (10,3))
instead but it gave such a high order parameter in the phospholipid bilayers
that additional ordering was difficult to detect. Thus, comparisons between the
absolute effects of perturbers on our two labels should be made with caution.
On the other hand, these considerations are unlikely to invalidate our results
when relative ordering effects are considered on a given label.

Relative to cholesterol none of these compounds ordered PC (7,6) as much
as they did 5-doxyl stearic acid. Therefore, their relative ordering effects are
probably strongest near the bilayer surface. Unfortunately 12-doxyl stearic acid
yields too fluid a spectrum for order parameters to be measured. However, in
one experiment 24 mole % of pentobarbital gave a spectrum identical to the
control, tending to confirm the impression that the ordering effect gets weaker
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Frig. 2. The effect of chlorpromazine on the change in order parameter (AS) in phosphahdylcholine: 4%

phosphatidic acid containing various mole % of cholesteroL X.p. Ls chlorPromazine/chlorPromazine +

phospholipid. Percent cholesterol is 100 (choLesterollcholesterol + phosphoUpad).

Fi. 3. The effect of cholesterol on the change in order parameter per mo- 'd membrane pertubers in
phosphatidylchoUne: 4% phospbatidic acid veslcles. The mole percsnta. o! -- tlesaterol at the cro-over
point. (AS - 0) were as folows: cannabinol. 23 -1.0; chlorprotatne. 24 1.2. pentobarbital. 14 Z.8.
Xchoi is cholesterol/cholesterol + phosphoulpid.

further from the interface. The remainder of our work was carried out with
5-doxyl stearic acid because it gives the largest effects.

When one of the membrane perturbers was added to bilayers containing
cholesterol the magnitude and sign of the change in order parameter was depen-
dent on the cholesterol content. Thus, Fig. 2 shows that chlorpromazine orders
bilayers with cholesterol content up to 20 mole %, but disorders those with
greater than 25 mole % cholesterol. Similar results (not shown) were obtained
with cannabinol and pentobarbital. If the change in order parameter per unit
concentration of perturber in the bilayer (i.e., the slope in Fig. 2) is plotted
versus the mole % of cholesterol in the lipid, the cholesterol content at which
AS is zero may be defined. In Fig. 3 this cross-over composition of cholesterol
is seen to be 26 mole % for chlorpromazine, 23 mole % for cannabinol and 14
mole % for pentobarbital.

In biological membranes a similar role for cholesterol in modulating the
effects of perturbers was observed (Fig. 4). Cannabinol decreased the order of
erythrocyte ghost membranes which have about 40 mole % cholesterol (11, but
increased that of mitochondrial membranes which have an average lipid compo-
sition of 6 mole % cholesterol (1]. Previously we have shown [7] that octanol
disorders phosphatidv lcholine: 4% phosphatidic acid bilayers regardless of cho-
lesterol content. Fig. 4, A and B, show that it also disorders both the biological
membranes examined.IV
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Fis. 4. Effect of increasing total concentrations of cannabinol (a) and octanoi (0) on the change in order
parameter (AS) of 5-doxyl stearic acid In A: erythrocyte membranes. protein concentrations 1-4 mg/mi.
The mean order parameter of the control was 0.714 t 0.033. B: mitochondrial membranes. protein con-
centrations 23 mg/mI. The mean order parameter of the control was 0.598 t 0.012.

Discussion

T he change in order produced by cholesterol probably reflects the orienta-
tion of the rigid steroid nucleus parallel to the phospholipid acyl chains, with
the 3 t-hydroxyl group located in the interfacial region [21,24-261. All the
compounds which order phospholipid bilayers [4-7] also contain chemical
ring structures, so they may act in a manner analogous to cholesterol. However,
one might expect that they would produce a less extensive ordering than cho-
lesterol because of their less favorable geometry. Thus, both chlorpromazine
and cannabinol have three fused rings, but those of the former are folded about
the N-S axis at 139.40 [27], and the presence of a charge may also limit its
penetration into the bilayer. On the other hand, the rings of cannabinol should
not deviate seriously from coplanarity, but the proximity of the hydroxyl and
pentyl substituent groups should mitigate against orientation of the long axis
of the fused ring structure parallel to the acyl chains. These considerations are
consistent with our finding that these perturbers are less effective orderers at
the eighth than at the fifth carbon. Similarly the deuteriunm magnetic resonance
data show that the ordering effect of cholesterol declines beyong the 12 carbon
[21], and it is possible with the other perturbers examined here that their abil-
ity to order might fall off even more rapidly. Preliminary studies of fluores-
cence depolarization with 1,6-diphenyl hexatriene in this laboratory show a
decrease in microviscosity in pentobarbital-phosphatidylcholine liposomes. This
result lends support to the suggestion that it is possible that our perturbers;
simultaneously order the ester terminal of the acyl chains whilst disordering the
methyl terminal. Deuterium magnetic resonance studies could confirm this

Inractions in the system containing phospholipid-cholesterol-perturber are
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more complex. Thus, the ordering effects of cholesterol and perturber are
clearly not additive (Figs. 2 and 3). The favorable stereochemistry, which allows
a strong van der Waals interaction between cholesterol and the acyl chains
[21,24-26], will tend to be disrupted by the presence of the perturber in the
same region of the bilayer. The net effect of the perturber on the packing of
phospholipid-cholesterol bilayers will reflect the balance between its own
ordering effect on the acyl chain and its disruptive effect on the acyl-choles-
terol interaction. As the cholesterol content of the bilayer is increased, choles-( terol-perturber interactions become more frequent. Eventually the resultant
disruption of acyl-cholesterol interactions outweigh the ordering effect of the

( perturber and a cross-over to a net disordering effect is observed (Fig. 2). This
apparently may occur at any cholesterol composition, depending only on the
balance of these effects and not on any discrete phospholipid to cholesterol
ratio. Pentobarbital, the weakest orderer, crosses over at the lowest cholesterol
content (Fig. 3). In phospholipid bilayers, where only the perturber's ordering
effect is important, larger changes in order parameter occur than in high choles-
terol membranes where the changes result from a balance between two oppos-
ing effects (Fig. 2). Chlorpromazine and cannabinol cross-over from ordering to
disordering at similar cholesterol contents even though chlorpromazine, like
pentobarbital, is a less effective orderer of phospholipid bilayers. This results
from the less steep slope exhibited by chlorpromazine in Fig. 3 and may reflect
the additional role of chlorpromazine's positive charge which would limit its
ability to penetrate fully into the region where cholesterol exerts its ordering
effect.
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Fig. 5. Effect of cholesterol (chol) on the order parameter of phosphatidyicholine: 4% phoaphatidic acid
Uposomes in the absence (A) and in the presence, (a) of 17 mole % cannabinol. The slopes of the lines are
0.270 t 0.001 and 0.160 ± 0.001. respectively.
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This ability of perturbers to reduce the effectiveness of cholesterol to order
biayers is clearly illustrated in Fig. 5. Here cholesterol orders a phospholipid
bilayt- containing 17 mole % of cannabinol 1.7 times less effectively than in
the unadulterated bilayer.

Thus, we may conclude that, in addition to its well known property of regu-
lating membrane fluidity, cholesterc' also modulates the effect of membrane
perturbers in both lipid bilayers and biological membranes. If more extensive
studies confirm this there are a number of interesting corollaries. Thus, many
authors [28-31] have emphasized the possible relationship between the action
of anesthetics and their ability to fluidize membranes. Our work here on bio-
membranes, together with previous work on general anesthetics in lipid bilayers
[7], suggests that for this hypothesis to be correct the model must be restricted
to biomembranes containing a high proportion of cholesterol. This would be
consistent with the known composition of most neural membranes [32].

Changes in fluidity related to cholesterol content have been noted upon ma-
lignant transformation of normal lymphocytes [331, the fusion of muscle cells
[34] and the complement lysis of antibody-sensitized cells with normal rabbit
serum [35]. If there is a causal relationship between these phenomena and
membrane fluidity, then the ability to selectively modify biomembrane fluidity
by pharmacological agents may not be without application.
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SUMMARY
MILLER, KEITH W., WILSON, MICHAEL W. & SMITH, RAYMOND A. (1978) Pressure
resolves two sites of action for inert gases. Mol. Pharmacol., 14, 950-959.

The effect of pressure upon the potency of two pharmacological effects of inert gases has
been studied in mice. In one series of experiments the effect of high pressures of helium
on the anesthetic potency of nitrogen, argon, nitrous oxide, carbon tetrafluoride and
sulfur hexafluoride was studied up to pressures of 183 atm. Pressure increased the ED.%
for loss of righting reflexes by 36% at 100 atm on average. In the other experiments we
measured the ability of these inert gases to raise the ED.% pressure at which pressure-
induced hyperexcitabiity (spasms) was observed. Subanesthetic partial pressures of all
the gases raised the ED.% pressure for spasms significantly. These data were used to test
the two hypotheses that anesthesia results when anesthetics expand some hydrophobic
phase by a critical amou it, while the hyperexcitability occurs when pressure reduces the
volume of some hydropnobic phase by a critical amount (the critical volume hypothesis).
Theoretical calculations show that both sets of data are consistent with their respective
hypotheses. The site at which the inert gases exert their anti-hyperexcitabiity effect is
much more compressible and has a slightly lower solubility parameter than the site for
anesthesia.

INTRODUCTION beyond a certain critical volume by the
r The traditional lipid solubility theories of absorption of molecules of an inert sub-

general anesthetic action (1, 2) have had to stance. Pressure opposes this volume
be modified in recent years to account for change and so reverses the anesthesia (5).
the remarkable antagonism of general an- This hypothesis has been shown to be
esthesia by pressure per se (3, 4). The cur- quantitatively consistent with pressure re-
rently accepted form of the lipid theory is versal data for a number of anesthetics in
the critical volume hypothesis, which states newts (5). Pressure reversal also has been
that anesthesia occurs when the volume of demonstrated for a variety of agents in
a hydrophobic region is caused to expand tadpoles (6) and for conduction block in the

squid giant axon (7, 8). The question then
arises whether the critical volume hypoth-

This research was supported in part by a National esis describes a general mechanism of an-
Institute of General Medical Sciences Research Center esthetic action which may occur at different
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. opment Command. quired to describe such sites will vary from
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and pressure in mice when the gases act METHODS
either as general anesthetics or as agents
which ameliorate the high pressure neuro- Male CD-I mice (Charles River) weigh-
logical syndrome (9). By a suitable choice ing 20-30 g were used in all experiments.
of gases, specifically the inclusion of fully Measurements of anesthetic potency were
fluorinated compounds (10), we show that performed in a 34 liter steel hyperbaric
these two pharmacological properties of the chamber equipped with two large windows,
gases are mediated by a hydrophobic site a temperature control system and moisture
or sites with rather similar solvent proper- and carbon dioxide scrubbers. Complete de-
ties. However, the isothermal compressibil- tails have been published previously (16).
ity parameter, which describes the varia- The level of anesthesia was determined
tion of pharmacological potency with pres- by testing the ability of each mouse to
sure, differs by half an order of magnitude remain upright when its cylindrical wire
for these two sites, Thus, we have differ- mesh cage was rotated at 4 rpm for five
entiated two pharmacological sites of action complete revolutions; a score between 0 and
of inert gases in a single species of mammal 5 was assigned (16). A group of seven mice
on the basis of the effects of pressure. A was exposed at each window. Two addi-
preliminary analysis of available data had tional mice with rectal thermistors were
previously shown this to be the case when placed between these groups, and the
different species of mice were involved (11), chamber temperature adjusted to maintain
although this conclusion was questionable rectal temperature at 37 ±t VC. The partial
because insufficient data were then availa- pressure of oxygen was maintained in the
ble to define the solvent properties of the range of 0.3 to 1.0 atm.
site of action. In a number of other studies Mice were examined for the high pres-
sites of action of volatile agents have been sure neurological syndrome in separate ex-
distinguished on the basis of solvent prop- periments. Two groups of five mice were
erties (2, 12). used in each experiment, together with two

The application of the critical volume additional rectal temperature controls.
hypothesis to the high pressure neurologi- After addition of the anesthetic gas, helium
cal syndrome has been proposed previously was admitted to the chamber at a constant
(11). It states that the high pressure neu- compression rate of 60 atm per hour and
rological syndrome occurs when some hy- the animals continuously monitored for the
drophobic region has been compressed be- symptoms of the high pressure neurological
yond a critical amount by the application syndrome. Complete spasms were defined
of pressure. Absorption of an inert gas will as rhythmic tensing and relaxing of all mus-
cause an expansion which compensates for cle groups but not of sufficient severity to
such compression and raises the threshold cause the animal to lose its upright posture
pressure for symptoms. The high pressure (17). These spasms generally were observed
neurological syndrome is a complex of to appear after the onset of coarse whole
symptoms that are observed when main- body tremors but before generalized clonic
mals are compressed either hydraulically convulsions involving loss of upright pos-
(13, 14) or in helium-oxygen atmospheres ture (15, 17).

*(15). At moderate pressure it manifests it- During the anesthesia experiments the
self as tremor of the limbs but as the pres- number of mice responding was determined
sure is further raised rhythmic spasms, as a function of anesthetic partial pressure
clonic, and then tonic convulsions occur. In at a series of given total pressures. At each

*this paper we consider the effect of inert total pressure a dose response curve was
gases on the threshold pressure for spasms, obtained and analyzed on a digital calcula-

which is one of the earliest objectively de- tor using the method of Waud for quantal
finable end points. (The tremors which oc- responses (18). Since each animal was used

distinguish from the fasciculation caused of animals at each dose was weighted so
by moderate doses of anesthetics.) that the sum for all doses equalled the
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number of animals actually employed. TABLE I

Pressure-response curves for the high pres- Variation of ED. values for the loss of righting
sure neurological syndrome were obtained reflex in mice as a function of pressure
for each gas mixture and analyzed as above, An.. Total ED. ± SE Scale parm.- N
but since each animal responded once only thetic presure ter * SE

weighting was unnecessary. In about half of afm atm
these experiments complete spasms were N20 2.2 1.22 ± 0.048 -9± 4.0 56
not observed in all animals, but all the 30 1.32:± 0.033 -17±6.6 56
animals were inluded in the cumulative 40 1.35±0.022 -22 ± 6.3 70
pressure-responwe curve in order to avoid 50 1.30 ± 0.074 -9± 4.3 70
biasing the analysis with the most suscep- 80 1.61 ± 0.059 -12 ± 5.3 41

tible animals. 90 1.61±= 0.038 -17± 5.8 41
Helium (99.995% pure) and nitrous oxide N2 40" 38.9± 0.94 -12:± 3.8 63

81 45.8 ± 0.68 -30 ± 14 26
(98q) were obtained from Ohio Medical 101 47± 1.1 -20±11 26
Products, Wisconsin; nitrogen 9.9%) and 1212 48.9± 0.52 -50.± 20 26
oxygen (99.6%) were from Medic-i Techni- 141 50.4 ± 0.93 -26 ± 9.7 26
cal Gases, Massachusetts; argon (99.995%) Ar 19" 18.1 ± 0.67 -11 ± 4.6 35
and sulfur hexafluoride (99.8%) were from 81' 21.4 ± 0.78 -14 ± 8.7 17
Matheson Gas Products, New Jersey, and 124" 24.2 ± 0.59 -32 ± 16 14
hexafluoroethane (99.6%) and carbon tetra- 128 26 ± 1.6 -11 ± 7 14
fluoride (99.7%) were from Dupont-de- 131 23.7 ± 0.77 -20 ± 11 17

Nemours El and Co., Delaware. 183 27.1 ± 0.67 -25 ± 15 14
CF, 27 26 ± 1.0 -12± 5.2 26

RESULTS 60 30± 1.4 -10± 6.7 26
99 33 ± 1.2 -20± 11 14

Experimental 140 35 ± 29 -11:± 13.3 12
SFa 12 5.58 ± 0.086 -16± 3.1 119

ED, values for the loss of righting reflex 20 6.08 ± 0-072 -29 ± 6.5 80
in mice are listed in Table 1 with their 40 6.42:± 0.11 -19:± 6.8 47
standard errors and scale parameters which 50 6.6 ± 0.08 -28 ± 10.4 48
provide a measure of the slope of the dose 60 6.5 ± 0.16 -16 ± 19.3 33

response curves (18). Some of the data for 70 6.8 ± 0.11 -21 ± 8.5 43
nitrogen and argon have been published CF, 23 17.1 t0.39 -11 ± 3.2 84
previously by us but are reproduced here * Data previously reported (16).
for completeness (1q). The EDrio's in the
absence of helium agree well with earlier curves with increasing pressure (Table 1).
data (19, 20). The value for carbon tetra- This contrasts with intravenous anes-
fluoride is higher than that obtained under thetics, where a small but significant in-
less well controlled conditions (19), while crease in slope with pressure has been re-
that for nitrous oxide is lower than most ported (16). Comparison of the EDo at one
(19-21), but not all (22), literature values, atmosphere (extrapolated where necessary)
Sulfur hexafluoride exhibited a low thera- to that at 100 atm reveals the following
peutic index and it was impossible to obtain percentage increases: N2 33; CF 4 34; Ar 33;
meaningful results unless some helium was SF, 36; NzO 42. These values agree closely
added. However, the value obtained agrees with those obtained independently for N2 0,
closely with previous work (20). Similarly, N2 and Ar (21, 23). For each agent plots of
hexafluoroethane caused marked respira- ED,) as a function of pressure were linear,
tory distress. By increasing the partial pres- and introduction of a quadratic term in the
sure of oxygen to two atmospheres and regression gave no significant improvement
lowering the rectal temperature by 0.50C, in fit (F-test).
we determined an EDr, close to that re- Pressure per se causes marked effects
ported by Miller et al. (20). above about 140 atm (13-15); consequently

There were no consistent and significant most of our measurements were obtained
trends in the slopes of the dose-response at lower pressures. With the densest gases

_____________
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studied (SF6 and C2F6), the stress of the TABLE 2

hyperbaric environment further limited the Median pressures for the appearance of complete
accessible pressure range (Table 1). In the body spasms in mice breathing helium-oxygen and

case of argon, however, by using slow helium-oxygen.anesthetic gas mixtures
compression rates we were able to demon- Anesthetic gas ED. ± SE Scale param- No. respond-

strate pressure reversal at pressures up to - eter ± SE ing/tota no.

183 atm. Thus, although the hyperbaric
environment undoubtedly introduces sig- None 83 ± 2.5 12 ± 3.5 33/40

uificant problems in mammalian studies, 0.1 atm N20 90 ± 6.3 11 ± 7.5 9/10

necessitating close control of environmen- 0.2 atm N20 103 ± 8.3 8 ± 8.0 6/10

tal conditions, satisfactory quantitative 0.4 atm N20 99 ± 2.0 9± 6.9 9/10
ta cotinabl satisfatoyqandiitybe 0.8 atm N20 100 ± 1.5 23 ± 18.0 10/10

data are obtainable and reproducibility be- 1.5 atm N,0 120 ± 1.3 13 ± 8.4 10/10
tween laboratories is fair (21, 23). The corn- 3 atm N 2  88 ± 4.0 17 ± 16.0 8/10
plete spasms threshold pressures are given 15 atm N 2  110 ± 3.0 30 ± 21.0 10/10
in Table 2. The threshold pressure in he- 30 atm N2  112 ± 6.6 13 ± 9.4 10/10
lium was found to be 83 ± 2.5 (SE) atm, 45 atm N2  120:± 5.1 20 ± 13.0 9/9
and all the other gases elevated this thresh- 3 atm Ar 95 ± 4.0 20 ± 12.0 10/10
old significantly at doses which were well 8 atm Ar 108 ± 6.9 12 ± 9.1 8/10
below those required to cause anesthesia at 18 atm 4.r 129 ± 3.6 29 ± 23.0 10/10

these pressures. In control experiments 3 atm CF 4  86:± 3.3 21 ± 16.0 10/10
10 atm CF4  88:± 3.8 19 ± 13.0 10/10without anesthetic, 17% of the animals ex- 17.2 atm CF 4  137 ± 10.6 10 ± 8.5 7/10

hibited the more severe symptoms of the 25 atm CF 4  115 ± 6.2 17 ± 18.0 6/10
high pressure neurological syndrome, such 0.2 atm SF, 91 ± 6.5 11 ± 9.1 7/10
as clonic and tonic convulsions, without 0.4 atm SF6  89 ± 6.7 10 ± 7.8 9/10
proceeding through a complete spasm 1.o atm SF, 83 ± 9.9 9 ± 7.2 10/10
phase. This partly reflects the small pres- 2.5 atm SFs 87 ± 8.5 8 ± 5.2 10/10
sure increments occurring between succes-
sive phases of the syndrome; for example, terms of volume occlusion of free space in
the ED.'s for clonic and tonic convulsions membranes. Although such a mechanism is
were 88 ± 1.4 and 96 ± 3.4 atm. The pro- now known to occur in a number of cases
portion of animals with complete spasms is of cytoplasmic protein-anesthetic interac-
indicated in Table 2. tions (25, 26), it is not clear how it can

Our data for clonic convulsions agree well account for the pressure reversal of anes-
with a value of 89 atm reported by Brauer thesia (2). If the formulation is restated in
(24) for CD-1 mice compressed at 60 atm terms of the membrane expansion which
per hour. This threshold pressure is some- has been shown more recently (27-29) to be
what dependent on compression rate, vary- caused by small hydrophobic molecules,
ing from 103 atm at 10 atm hr- 1 to 86 atm then pressure reversal is readily accounted
at 100 atm hr-! (24). In our work, therefore, for by adding a term for the isothermal
the compression rate was kept constant compressibility (fl) of the membrane (5).
within ±2%. Only one complete spasm This critical volume hypothesis of anes-
threshold has been reported in CD-1 mice: thetic action, which we have defined pre-
this value of 87 atm was obtained at a viously (5), may be written down in its most
compression rate of 60 atm hr-' (17). general form as

Theoretical Analysis of Data A V, A V, -BP (1)
It is not possible to account fully for

pressure reversal of anesthesia by addition Where A V,. is the volume change which is
to either the Meyer-Overton (1) or Mullins associated with anesthesia (or any other

(2) hypothesis of a term which takes into end point), A V, is the expansion caused
account the dependence of the lipid solu- when the ith anesthetic dissolves in the
bility of the anesthetic on pressure (5). The hydrophobic region and PT is the total me-
original Mullins formulation was stated in chanical pressure.

-- _



954 MILLER ET AL.

Equation (1) may also be used to formu- power of a solvent in terms of a solubility
late the critical volume hypothesis applied parameter, 8, which is defined as
to the high pressure neurological syndrome AE,
(11). In our case A V, will be the volume 8=(3)
change at which complete spasms are ob- V,.
served. Since these may be produced by where AE, is the heat of vaporization of the
hydraulic compression of mice in oxygen- solvent at constant volume and V. is its
ated fluorinated hydrocarbon solvents (13, molar volume. Strictly speaking, equation
14) (when AlV, = 0), it is evident that this (3) applies only to nonpolar solvents and to
syndrome is accompanied by a negative solutes and solvents of equal molecular size.
volume change since under these conditions However, in practice semiquantitative
equation (1) reduces to agreement is found over a wider range of

A V. - -ftPT (2) situations (30). Sufficient solubility data
were available to carry out such calcula-

Since all gases, including helium, contrib- tions for six solvents, including water which
ute positively to A V,, it follows that for was not included in the final analysis be-
helium the term (A VHt - #iPH.) must be cause of its high polarity. The analysis of
less than zero both at the anesthetic site the deviations of the fluorocarbons, which
and at the site mediating complete spasms, is described below, differs somewhat from
If this were not so the model would predict that used before (20) since we wished to
helium to be anesthetic and the high pres- apply it to our data obtained at all pres-
sure neurological syndrome would not be sures. For each ED.0 at a given pressure
observed in helium-oxygen atmospheres. (PT) in Tables 1 and 2, A V, may be calcu-

In order to perform a quantitative test of lated for each gas at a partial pressure, P,
these two versions of the critical volume in each solvent since (5)
hypothesis it is necessary to know the phys- V,. X, P,
ical parameters of the sites of action which A V, - (4)
are required to solve equation (1) in each V.
case. Since the sites of action are not iden- where, Vi is the partial molar volume of the
tified this is not possible, but it is well gas in the solvent, X, is its mole fraction
known that certain apolar solvents provide solubility at a partial pressure of one at-
gooe models of the anesthetic site. It is mosphere, and V., is the molar volume of
possible that such solvents might also pro- the solvent. Corrections must be made to
vide a suitable model for the site associated equation (4) to account for the non-ideal
with complete spasms (11). behavior of gases and for the dependence

of X, upon total pressure (5). These correc-
Choice of Solvent Models for Anesthesia tions reduced the value of A V, calculated
and Complete Spasms by equation (4). In general such corrections

It is possible to choose objectively the lay in the range of 10-20%, but in a few
best solvent model of a site of action of cases are in the range 50-60%. Sources of
inert gases if pharmacological data are the physical parameters used in these cal-
available for some fully fluorinated gases culations are given in the appendix.
(10, 19, 20). This procedure is based on the MA V, in equation (1) was calculated for
observation that when a set of nonpolar each datum in Tables I and 2 and plotted
solvents of graded solvent power are com- against PT (equation 2). A solvent which
pared it is found that fully fluorinated gases ideally represented one of the sites of action
deviate systematically, depending on sol- should yield a linear plot with a slope of fi,
vent power, from the correlations always the compressibility, and an intercept of A V,.
observed for the nonfluorinated gases. By Each gas gave such a line; those for nitrous
minimizing these deviations the solvent oxide, nitrogen and argon were essentially
power of the site of action may be defined co-linear in all solvents, while those for
objectively, sulfur hexafluoride and carbon tetrafluoride

Hildebrand (30) defined the solvent were above the other gases at low solubility

I _________________________________________ _______

-. 4-
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parameter and below at high solubility pa- insufficient solubility data. To quantify
rameter (Fig. 1). Hexafluoroethane was not these deviations of the fluorinated gases a
included in this analysis because there are straight line was fitted through the non-

fluorinated gases to yield an intercept
A (A Vq). A parallel line was fitted to the data

for the fluorinated gases to yield a second
intercept (A V). For each solvent the
expression (A Vf - A Vff)/IA Vf + A V,.l was

6 , plotted against the solubility parameter, 8.
Linear regression yielded zero deviation at
8 (anesthesia) = 10.8 ± 0.15 (SD) and 8
(complete spasm) = 9.8 ± 0.40 (p = 0.001)
(Cal/cm1)/ 2. The complete spasms site is
thus a slightly better solvent (lower 8) than
the anesthetic site. However, such small
differences in solubility parameter should

B be regarded with reservation because the
analysis is critically dependent on the fluor-

- inated gases with which the experimental
difficulties are greatest. Thus a previous
analysis with poorer data for carbon tetra-

,v., .fluoride yielded 8 (anesthesia) = 10 (20).

.Results of the Critical Volume Hypothesis
Z Analysis

The actual solvents which most closely
0Z represent the solubility paroaeters defined

above are octanol (8 = 10.3) and carbon
c disulfide (8 = 10.0). We have chosen the

25- latter for detailed consideration since the
requisite physical properties have been bet-
ter defined. We have also considered olive
oil both because of its historical importance
and because its molar volume is closer to
that of membrane components such as

* phospholipids. The absolute values of A V,
given by it should thus be more realistic
than those given by carbon disulfide. The
results obtained by calculating MA V, (equa-

Tom, PMu .AJow tion (4)) for all the data in Tables 1 and 2
FiG. 1. Plots of the calculated expansion caused and analyzing them according to equation

by ED. doses of anesthetics with helium (A V) at (1) are given in Table 3 and in Fig. 2. The
various pressures parameters obtained for the two sites of

The expansion has been normalized to the intercept action are not grossly dependent on the
for the inert gases, (A V0,), for comparative purposes. solvent model, although as expected the
Key: N2 Ek Ar Q N20 A; CF4 M and SFo 0 . For the volume changes predicted by olive oil are
fluorinated solvents (A) 8 - 6, for carbon disulfide (B) less marked than those predicted by carbon
8 - 10.0 and for water (C) 8 - 23. Note that the disulfide. In fact the success of olive oil at
ordinates of each figure are plotted with a different
scale. Values of (a V, - a ft + A (see text) inmodeling these sites of action would seem
each solvent for anesthesia and complete spasms re- to vindicate a long tradition.
spectively were: fluorinated solvents 0.75 and 0.76; . Two major conclusions stand out. First,
cyclohexane (8 - 8.2) 0.39 and 0.09; benzene (8 - 9.2) increases or decreases in volume or density
0.24 and 0.06; carbon disulfide 0.08 and 0.01 and oc- in hydrophobic sites in the central nervous
tanol (8- 10.3) 0.10 and 0.02. system may lead to profound effects, such

meo
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TABLE 3

Results of calculations to test the critical Ivlume hypothesis

Model solvent Eff-ct Critical volume Compressibility Co-relat ion coef-
change (%) ± SD (XI0 ' atm 'I L ficient

SI)

Carbon disulfide anesthesia +0.63 ± 0.036 2.1 ± 0.39 0.72
complete spasms -0.6 ± 0.17 l I ± 1.6 0.93

Olive oil anesthesia +0.43 ± 0.029 2.4 ± 0.32 0.81
complete spasms -0.5 ± 0.12 8.4 ± 0.12 0.K5

10 . . .convulsions this threshold is found to be 62
atm (14.

0, Figure 2 illustrates clearly that subanes-
thetic doses are required initially to prevent
complete spasms. However, since the com-

0, ""pressibility of the spasm site is greater, then
0 as the pressure is progressively raised, rel-

atively higher doses of inert gas are re-
quired to prevent spasms until above 148
atm more than an anesthetic dose is re-
quired. In fact two reports of convulsing

- i in i ie anesthetized mice at extreme pressures
T. F2.w -e e he m have been published (31, 32).

FIG. 2. The calculated volume chaned at ED An important point is that the theory
for anesthes (open symbols) and pressure-induced does not predict that helium will compress
spasms (closed symbol) using olive oil as a model all hydrophobic sites. Equations (1) and (4)
solvent

Key: N 2 1, It Ar 0, # N20 0. * CF, S, VF; SF6 4 show that a negative volume change only
&A n helium x. occurs when (VH.'XH./V.) < 6. If, for ex-

ample, XH. is larger (i.e., in a solvent of
as the depression and excitation studied lower 8) net expansion might occur. Thus,
here. The magnitude of these changes synergism between helium and an anes-
seems to be in the range of V-1% although thetic cannot be taken as prima facie evi-
this magnitude reflects somewhat the dence that a mechanism inconsistent with
choice of the model to represent the hydro- the critical volume hypothesis is involved,
phobic site. Second, more than one site of unless quantitative studies are performed
action is involved in the two phenomena to derive 8 and 8 or hydraulic pressure is
studied here, the site mediating complete used as an added criterion. Synergism be-
spasms being four to six times more corn- tween helium and nitrogen has been re-
pressible than that mediating anesthesia, ported in some, but not all, behavioral tests
These conclusions confirm a preliminary in rats (33), while synergism between hy-
test of these two applications of the critical draulic pressure and anesthetics has occa-
volume hypothesis which was based on sionally been noted (34).
scant data derived from heterogeneous Similarly, if we consider gases just a little
sour :es (11). A difference in the pressure more soluble than helium at the anesthetic
sentivitv 3f anesthesia and convulsions site of action, we find that neon, which is
has also been noted when barbiturates are 1.2 times more soluble than helium, causes
used (31). a volume change at 100 atm partial pressure

A number of interesting corollaries follow of only 0.035% (olive oil model). This is
from these calculations. Equation (2) pre- consistent with the finding that high pres-
dicts that mice compressed hydraulically sures of neon do not change the potency of
would experience complete spasms at 56 nitrous oxide (21).
atm (olive oil model), a prediction which It is also possible to make an estimate
could be checked experimentally. For tonic from this data of the thermal expansion

... :,2
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coefficients, a, of the sites of action. For a here. Moreover the anisotropy of bilayers
simple nonpolar solvent one may write (30, may need to be considered (5).
35) Although anesthetics are relatively non-

/ \ speic when compared to receptor di-
82 - T(5) rected drugs, they do in fact exhibit consid-

8V 4 T aT IV erable selectivity at low doses when studied
in well defined systems (40-42). Attempts

Using the parameters in Table 3 for carbon have been made to explain some of this
disulfide, equation (5) yields an a of 8 X specificity on the grounds of differential
10' for the anesthetic site and 4 X 10-  solubility in target membranes (2, 43). This
'C-' for the spasm site. The actual a coef- is not the case in our study where the two
ficient for carbon disulfide itself is 1.2 X sites have barely distinguishable solubility
10", and for oleic acid is 9.6 X 10-' (36), so properties. The spasm site is most clearly
these predictions are not unreasonable in differentiated from the anesthetic site by
spite of the assumptions inherent in their its greater sensitivity to pressure, which
derivation, results from a fivefold higher compressibil-

DISCUSSION ity. Thus we have characterized two sepa-
rate sites of action which reach a critical

The success of the critical volume hy- point and cause a physiological response,
pothesis in providing a unified description one at a positive volume change and the
of the pressure reversal of anesthesia and other at a gative volume change. Under
of the amelioration of the high pressure ambient pressure conditions both will be
neurological syndrome by inert gases is re- almost equally expanded by an anesthetic
markable. When data for the fluorinated but whether such expansion would prove
gases are available so that an objective critical to the HPNS site, and if so what the
choice of model solvent may be made, the result would be, cannot be defined. It would
only remaining adjustable parameter is the seem quite reasonable to suppose, however,
compressibility of each site of action. Phys- that a sufficient volume change in any di-
ically realistic values of this parameter rection could have profound effects (44).
must lie within a fairly narrow range of Only studies in simpler systems will answer
values spanning little more than an order such questions.
of magnitude. Thus, the actual values for The demonstration of two distinct sites
olive oil and for carbon disulfide are 6 and in the central nervous system where anes-
7 X 10' atm - ', respectively. For hexadec- thetics and pressure interact antagonisti-
ane and pentane the values are 7 and 17 X cally raises questions about the simplifying
10' atm-' (36). On this basis the values of assumptions in our treatment of the critical
compressibility found in Table 3 are seen to volume hypothesis. We have assumed that
be quite plausible. the anesthetic-pressure interaction which

A putative site of action for anesthetics mediates a given physiological response,
is the lipid bilayer region of membranes. In such as righting reflex, occurs at a single
principle we should be able to test this class of site which has uniform physical
model, but the data are currently inade- properties. Thus, even when the assump-
quate. Some data (37, 38) suggest that gas tion of direct pressure-anesthetic interac-
solubility in olive oil is less than twice that tion is retained, our results might merely
in bilayers. Thus we would expect lipid reflect the average physical properties of a
bilayers to yield slightly smaller critical vol- number of distinct sites, all of which are
umes and compressibilities than those sensitive to both anesthetics and pressure.
shown for olive oil in Table 3. The only In isolated ganglia (42) the lowest effective
available bilayer compressibility is for the doses of anesthetic block only one pathway,
liquid crystalline phase of dipalmitoyl leci- but at higher doses others are blocked. In
thin and it is 10' atm -' (39). Thus lipid the central nervous system a number of
bilayers will probably provide about as distinct pathways might be blocked over a
good a model as the simple solvents used very narrow dose range and our idea of
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distinct sites might then need to be replaced vary little with solvent we used the values
by a continuum of sites. Our results cannot for benzene in all cases. Sources have been
fully resolve this problem, but the linearity given in a previous publication (5), except
observed in each case in Fig. 3 does suggest the values for argon (44.6 mI/mole) and
that for a given physiological response there hexafluoroethane (110 ml/mole) which
are no strong interactions between two or were taken from references 52 and 53. Virial
more sites with different physical proper- coefficients for pure gases and for gas mix-
ties. Furthermore the anti-HPNS and the tures have also been given previously (5)
anesthetic sites are distinct and independ- except for B (Ar-He) for which +24 ml/
ent, since when both have supra-critical mole was estimated (54).
volume changes (e.g., above 150 atm, see
Fig. 3) we observe signs of the HPNS in REFERENCES
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SUMMARY

PANG, KAM-YEE, CHANG, T-L. & MILLER, K. W. (1979) On the coupling between
anesthetic induced membrane fluidization and cation permeability in lipid vesicles.
Mol. Pharmacol., 15, 729-738.

The effect of anesthetics on the rubidium-86 ion efflux from phospholipid vesicles was
studied in the presence of the ionophores gramicidin A and valinomycin and in the
absence of ionophores. Anesthetics of known lipid/buffer partition coefficient were used.
Pentobarbital, halothane and butanol all increased the three types of ion efflux. The
effects were linearly dependent on each anesthetics' membrane concentration over a
range of anesthetic mole fractions in lipid from 0.02 to 0.3, and concentrations known to
produce anesthesia produced clearly significant increases in each case. The effect of a
given membrane concentration of all the anesthetics on each of the three modes of ion
efflux was similar, suggesting that a single perturbation of the lipids is involved in every
case. The effects of anesthetics on cation permeability correlated better with their
perturbation of lipid bilayers (reported by a freely rotating hydrophobic fluorescent probe
[1,6-diphenyl 1,3,5-hexatriene)) than with those reported by spin-labeled lipid probes
undergoing anisotropic motion. Coupling between the permeability increases and the
perturbation of the bilayer structure was strong, the functional changes being about an
order of magnitude larger than the structural changes. The lipid perturbation hypothesis
of anesthetic action has been criticized because the structural perturbations observed at
anesthetic concentrations are small, but such strong coupling between structural and
functional changes may resolve this problem.

INTRODUCTION proach of correlating anesthetic potency
The site of action of anesthetics has re- with the physical properties of anesthetics.

ceived considerable attention recently. Be- Advances in basic membrane science have
cause the physiological site (or sites) of provided new models and techniques that
action within the central nervous system have considerably extended the scope of
remains undetermined, much of this work such an approach. The possibility that an-
follows the classical physicochemical ap- esthetics interact directly with hydrophobic

This research was supported by an Office of Naval regions of membrane proteins remains un-
Research Contract (N00014-75-C-0727) with funds tested for lack of a suitable model, while

provided by the Naval Medical Research and Devel- considerable progress has been made in
Opment Command. understanding interactions between anes-

' Research Career Development Awardee of thetics and lipid bilayers, which present a
NIGMS (GMO0199). readily available, we.l defined model.
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Changes in bilayer fluidity and permeabil- carrier, valinomycin, provides a useful
ity provide successful models for the major model for examining anesthetic (1) and
features of anesthetic potency (1-3) and its pressure (4, 5) induced changes in the lipid
reversal by pressure (4-6) but a number of bilayer. However, excitable fluxes in nerves
problems remain unresolved. First, there is are carried by ion channels, and the obser-
some question whether fluidity changes do vation that the life time of gramicidin A
in fact occur at low concentrations of an- channels in black lipid membranes is re-
esthetic (7). Even though these doubts have lated to membrane thickness (14) suggested
themselves been questioned by more recent that it might be a more suitable model.
work on halothane (8), the size of the per- Recently several authors have elaborated
turbations measured are at least compara- this possibility in some detail (15-17). We
ble to the errors involved in spectroscopic chose to study gramicidin A in lipid vesicles
studies of structural perturbations. But both because the primary anesthetic-lipid
then, the volume changes predicted by the- interaction has been well characterized in
oretical studies of pressure reversal are also them and because black lipid membranes,
small (9). Second, the problem of how a which would offer the opportunity of re-
perturbation of the state of the lipid bilayer solving single channel events, are saturated
may be coupled to and disrupt the function with solvents such as hexadecane. We ar-
of some excitable protein remains largely gued these would influence the subtle an-
unstudied. A small change in the state of esthetic-lipid interaction and it seemed
lipids may cause a large change in a pro- wiser, at least initially, to characterize the
tein's functional capacity. If so this would effects of anesthetics in the absence of such
resolve the difficulty associated with the potentially confounding variables.
small changes observed in lipid bilayer We present here a comparison of the
structure. A third problem, that of specific- effects of anesthetics on ion fluxes mediated
ity (i.e., how does a generalized lipid per- by the carrier, valinomycin, and the chan-
turbation have fairly specific effects on nel former, gramicidin A, in phospholipid
membrane function), may be related to bilayers, using a new method of higher pre-
specificity either in the primary anesthetic- cision than previously reported. Experi-
lipid interaction (10) or in the coupling of ments were carried out under conditions for
the lipid perturbation to protein function. which the membrane concentration of the
A recent study that examined the effect of anesthetic can be accurately estimated.
benzyl alcohol in the lipids of a calcium- The magnitude of the observed effects can,
magnesium ATPase from sarcoplasmic re- thus, be readily related to the anesthetic
ticulum sheds some light on this complex concentration.
problem but high concentrations of this
agent were required (11), and electrophys- MATERIALS AND METHODS

iological evidence suggests excitable iono- Valinomycin (A grade) was obtained
phores would he more suitable models of from Calbiochem, Los Angeles, Cal., gram-
anesthetic action (12, 13). icidin A from Nutritional Biochemicals

One approach to the problem of lipid- Corp., Cleveland, Ohio, egg phosphatidyl-
protein cnupling is to study in well defined choline and phosphatidic acid (Grade 1)
lipid bilayers the function of simple iono- from Lipid Products, Surrey, England, and
phores of known structure and defined cholesterol (chromatographic grade) from
mechanism, for example certain antibiotics. Sigma Chemical Company. All were used
Since these systems are often more sensi- as supplied, except cholesterol which was
tive to anesthetic perturbations than are recrystallized from methanol. Rubidium-86
spectroscopic probes of the state of lipid and calcium-45 were from New England
bilayers, they provide incidently an ap- Nuclear, Boston, Mass. 1,6-Diphenyl-1,3,5-
proach to the determination of the size and hexatriene (DPH) and tetrahydrofuran
linearity of the lipid perturbation at low were from Aldrich, Milwaukee, Wis. Spin-
anesthetic concentration, labeled 8-doxylstearic acid was qwnthesized

Previously it has been shown that tle ion by Dr. M. J. Pringle in this labo;uatory. All
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other reagents were analytical grade, which appropriate amounts of saturated
Phospholipid vesicles were prepared by halothane solution were added. Final halo-

first drying down 90 pmoles of phospholipid thane concentrations were determined by
from stock solutions in chloroform contain- gas chromatography at the end of each
ing 96 mole % phosphatidylcholine and 4 experiment. Even with these precautions
mole % phosphatidic acid. Five milliliters of concentrations were often 5-20% below
buffer (0.12 M KC1, 0.03 M RbCl (containing those expected.
0.25 mCi of 86Rb), Tris-HCl 10 m at pH Permeability was treated as a first order
7.0 or 8.1) was added and the suspension process (1, 5) given by
sonicated in a stoppered conical tube in a
bath sonicator (Heat Systems, model 5 x dn PA
5) at 25* under nitrogen. The clear suspen- --- (N-n) (1)
sion was passed through a Sephadex G-50
(coarse) column, preequiibrated with non- where n is the number of counts per minute
radioactive buffer, the vesicles collected in at time t which have leaked from liposomes
the void volume, and diluted to 0.2-0.4 mm of surface area A and internal volume V,
phospholipid in the above buffer without containing N counts per minute. P is the
radiolabel and containing in some cases permeability coefficient. Plots of In (N - n)
anesthetic. After 15-30 min equilibration in versus t were found to be linear over 300 to
a water bath at 25*, valinomycin, or gram- 480 minutes, depending on the concentra-
icidin A, was added in ethanol to give, usu- tion of ionophores used, and the slope is
ally, a final concentration of about 1-10 nM thus proportional to P.
respectively. This was sufficient to ensure Samples for fluorescence depolarization
a flux rate 6-10 times higher than the back- were prepared by the method of Lenz et al.
ground due to passive permeability. The (21). Phosphatidylchohne suspensions were
final ethanol concentration, 0.01% v/v, was sonicated with the microtip of a probe son-
shown in control experiments to have a ifier (Heat Systems, model W185) at 0'.
negligible effect. Metal debris and large vesicles were precip-

Ion leak rate from the vesicles was deter- itated at 100,000 x g for 30 min. Pentobar-
mined by ultrafiltration. At intervals of 10- bital was mixed with lipids before sonica-
20 min 2 ml. aliquots were tranfered to 10 tion, while halothane was added after cen-
ml filtration cells (Amicon, Lexington, trifugation, using the technique described
Mass., model 12) and filtered through an above. Four and a half milliliters of lipo-
XM-50 ultrafdlter (Amicon) under 4 atm of some suspension (about 0.7 mm) was mixed
nitrogen. The first 0.3 ml of filtrate was with 1 l of 2 mm DPH in tetrabvdrofuran
discarded and the remainder (usually 1.2 and vigorously stirred for 1 hr. Fluo.-.scence
ml) was collected for scintillation counting depolarization was determined at 250 in a
in aquafluor (Ne-, England Nuclear, Bos- subnanosecond spectrofluorimeter (S.L.M.
ton, Mass.). A few samples were analyzed Series 400, Urbana, l.). The sample was
by Cherenkov radiation. Filtration time excited at 360 rn and recorded at 430 nm.
varied from 1&i to not more than 5 min. We Microviscosity was calculated from the flu-
have previously shown that no vesicles ap- orescence depolarization by the method of
pear in the filtrate (19). The incubation Shinitzky and Barenholz (22). The depolar-
mixture was also assayed for phosphorous izations reported at 10, and at 30 MHz

p (20) and total radioactivity, modulation were not significantly different.
In some experiments both rubidium and Samples of phospholipid vesicles with an-

calcium fluxes were determined simultane- esthetics for spin label studies were pre-
ously and the buffers then contained 0.09 pared according to the method described
M RbCl and 0.03 M CaCI2 in 10 mm Tris- previously (23).
HCI at pH 7.

Because of its volatility halothane incu- RESULTS
bations were performed in a 30 ml glass The diffusion of *Rb+ ion through the
syringe capped by a two-way valve through lipid bilayer was treated as described above

Aa
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(equation 1 and figure 1). If values for the
internal volume and surface area are as-
sumed the permeability coefficient, P, may
be calculated. The internal volume of a 4% 75

phosphatidic acid-96% phosphatidylcho-
line liposome has been shown to be 6.7 X
10 - 8 cm

3 and its external surface area to be
8.6 X 10 - 12 cm 2 (24). Hence, for 8Rb+ pas- 7.0-
sive diffusion at 250 we calculated P = 4.8 70

x 10- "' cm/sec compared to a value for42K+ of 7.3 x 10 - 13 cm/sec. at 370 in a
similar preparation (1) and of 1.3 X 10- 14  €

cm/sec at 4' in egg phosphatidylcholine 6.5
vesicles using slightly different numbers for
external surface area and internal volume
(25).

The carrier mechanism of valinomycin 60
transportation has been well established
both in black lipid membranes and in lipo-
somes (26-30). Although the evidence that
gramicidin A dimerizes to form ion con- 2 0 4
ducting channels in black lipid membranes 20 (0in0te 04

is strong, its effects in vesicles have not Time (minutes)

been characterized (29, 31). Indeed the in- FIG. 1. The efflux of "Rb* (solid symbols) and
ability to record single channel events in "5Ca 2 (unfiUed symbols) from 96% eggphosphatidyl.
vesicles makes a full characterization diffi- cholie-4% egg phosphatidic acid sonicated vesiclesTrianges, in the presence of 0.1 pu gramicidin A

cult. Nonetheless, the presence of hydro- anlsu in the presence of
carbon solvent in black lipid membranes and 0.59 ma phospholipid; squares in the presence of

1 nm valinomycin and 0.57 mM phospholipid. N is the
renders them needlessly complex for anes- total counts and n the filtrate counts determined at
thetic studies. We therefore characterized time t. The slopes of the lines through the points for
the gramicidin A mediated cation flux in rubidium and calcium efflux are, respectively, -3.95
our vesicles as follows. First, incorporation ± 0.13 x 10-3 (SD) and -1.7 ± 2.2 x 10-5 in the
of gramicidin A into vesicles caused the gramicidin experiment, and -2.89 ± 0.036 x 10' and
same increase in efflux when the antibiotic -9.5 ± 2.8 x 10-5 in the valinomycin experiment and
was added to the suspension or when it was -2.3 ± 0.12 X 10-4 and -0.5 + 5.8 x 1o-6 in the
dried down with the lipid before the vesicles unmodified liposomes (not shown).
were prepared. This reduced the probabil-
ity that the increase in efflux resulted from contain a channel at any given time. Under
some nonspecific interaction. Secondly, these conditions the measured cation flux
gramicidin selected rubidium over calcium is 2 x 10-3/min and remains linear for at
(Fig. 1) just as it does in black lipid mem- least 300 min. This suggests that gramici-
branes (29). Valinomycin showed the same din, like valinomycin, must be in dynamic
selectivity. We were unable to demonstrate equilibrium with the liposomes on the time
a dependence of permeability on the square scale of this experiment. Studies in planar
of the gramicidin concentration because the bilayers suggest a single channel might
range of permeabilities that can be studied empty a vesicle in much less than one sec-
by our technique is too narrow. However, ond, but no evidence for a rapid efflux phase
permeability increased with gramicidin from those vesicles initially containing two "
concentration over the limited range stud- gramicidins is seen at 0.1 /AM (Fig. 1), or at
ied. In a typical experiment the mean num- I pM gramicidin (not shown). Possibly the
her of gramicidins per liposome was 0.4. kinetics of channel formation is strongly

* Assuming that all gramicidin is present as affected by vesicle curvature, but in any
dimers (31), up to 20% of the liposomes event the rate-limiting process in the fluxes

* i
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measured here remains uncertain, moles halothane per ml buffer (Porter &
All three anesthetics increased all the Miller, unpublished data) was used to cal-

ionic fluxes examined in a concentration culate the bilayer concentration. For bu-
dependent manner. Control experiments tanol a partition coefficient of 3.2 was as-
showed that pentobarbital at high pH had sumed. This value is for dimyristylphospha-
little effect on the valinomycin mediated tidylcholine (32), but comparison of results
flux. The effect increased at lower pH show- obtained for benzyl alcohol and for butane,
ing the uncharged molecule to be the pri- both in saturated and unsaturated lipids,
mary affector. The pH dependence of pen- suggests that the value used will not be in
tobarbital partitioning has been determined error by more than 30% (33, 34). We thus
in egg phosphatidylcholine (19). It is thus calculate that the valinomycin mediated
possible to calculate the dependence of the cation flux in the presence of butanol was
permeability increase upon the bilayer con- linear down to a mole fraction of 0.02 in the
centration of pentobarbital. Figure 2 shows lipid (Fig. 3). The slopes of these graphs
the data of several experiments for each of quantitate the dependence of the increase
the cation fluxes. The effect of the anes- in permeability on membrane concentra-
thetic on all three types of permeability is tion. The results of a linear regression
remarkably consistent and independent of through the origin in each case are given in
pH when the membrane concentration is Table 1. When the best fit was not con-
adjusted appropriately. Halothane yielded strained to pass through the origin the pre-
similar results over the same concentration dicted intercept varied randomly above and
range (not shown) when a partition coeffi- below In (P/Po) 0 0. The mean of all inter-
cient of 152 moles halothane per ml lipid/ cepts determined was -0.025, and in no

case was the intercept more than two stan-
[tre Pentobarvbtal (pH 7O),mM dard deviations from the origin. (In five of

seven cases it was within one standard de-
0 08 Lo~ oviation of the origin.) The mean correlation

coefficient was 0.983. The linearity of

0, these plots is thus established within quite

0. 0 0 .

- 0 .00 5

Fa. 2. The effect of pentobarbital on rubidium
effiux in the absence of ionophore, 0, and in the apresence of valnomycik LJ and grmicidin A, A

ra The membrane concentration was calculated as 0
described in the text. The ratio of anesthetic permea- 0 0.1 02 03
bility, P, to control permeability, P, is determined X
from the dopes of plots such as those in Figure 1.
Least squares fitted lines, through the origin for no FiG. 3. The effect of n-butanol on valinomycn me-
inophore (dotted); valinomycin (dashed); and gram- diated rubidium permeability CL and on the change
icidin A (solid). in order parameter, AS, of -dorylstearic acid V

I I - -
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close limits. Comparison of our data for TABLE I
valinomycin with a previous determination The increase in 86Rb efflux in 96% egg
using a dialysis technique (5) shows good phosphatidylcholine:4% phosphatidic acid
agreement for pentobarbital and butanol, liposomes in the presence of anesthetics

although our errors are considerably The figures are the slopes of plots such as Figure 2.

smaller. Our value for halothane is larger The units are In (P/Po) at unit mole fraction of anes-

than the previous one, emphasizing the thetic in lipid ± S.D.

need to directly monitor the concentration Ionophore Anesthetic
of this volatile agent.

Table 1 shows that when these anes- Pentobar- Halothane n-Butanol
thetics are examined at constant membrane bital

concentration, the effect of each of them on None 8.0 ± 0.43 10.4 t 0.45 -
a given type of cation flux is remarkably Valinomycin 9.2 ± 0.48 9.0 ± 0.29 9.1 ± 0.12
similar. Grarnicidin A 7.5 ± 0.32 6.8 ± 0.30 (5.7)*

Figure 3 also shows the dependence of
the order parameter of 8-doxylstearic acid Single determination.
in phospholipid vesicles on the membrane
concentration of butanol. Order decreases
in an approximately linear fashion, but the of the anesthetic in the bilayer and the ion
errors in determining AS are relatively permeability through it. They enable us to
larger at a given membrane concentration estimate the size of the change at physio-
than those of the permeability study. logically relevant concentrations and to ex-

The fluorescence depolarization data for amine the coupling between the lipid per-
DPH showed that both halothane and pen- turbation and the function of carrier and
tobarbital (pH 7.0) fluidized the bilayer. pore forming ionophores. These experi-
The calculated microviscosity of the control ments were not designed to directly evalu-
bilayers was 0.96 poise, in agreement with ate the mechanisms involved; nonetheless

Shinitzky and Barenholz (22). At mole frac- it is possible to relate these results to more
tions of 0.05 pentobarbital and 0.38 halo- mechanistic studies and to correlate them
thane the microviscosity was 0.87 and 0.63 with structural changes induced in the bi-
poise respectively. Under these conditions layer.

fluorescence life times detected by phase The dependence of the anesthetic in-

and modulation methods were homogene- duced increase in ion flux upon membrane
ous, but we were unable to study higher concentration was in each case highly lin-
concentrations of pentobarbital. Control ear. No deviations were noted even though

experiments showed that pentobarbital at the anesthetic mole fraction was varied

a mole fraction of 0.5 reduced the quantum over more than an order of magnitude. Two

yield of steady state DPH fluorescence, and conclusions relevant to anesthetic studies

in the presence of vesicles it showed differ- may be inferred. First, in these permeability

ent fluorescence life times by phase and studies it is valid to extrapolate from high

modulation detection methods. Recent (X-0.35) to low anesthetic concentrations,
studies have suggested that DPH does not which suggests that the same will be true

rotate freely in bilayers of saturated lipids of measurements, often made with less sen-

and that the assumptions inherent in mi- sitive techniques, of the underlying lipid i
croviscosity calculations may be invalid (35, perturbation. (This might not be so in other

36). However, 20-30o above the phase tran- types of permeability if the coupling be-
sition there is free rotation (36), so that our tween lipid perturbation and ionophore is

use of the microviscosity formalism in egg nonlinear). Second, the suestion that
lethicin bilayers is probably a good approx- there is a nonlinear relationship between
imation. anesthetic concentration and membrane

fluidization, particularly at low concentra-
DISCUSSION tions (7) appears now to be highly improb-

Our results establish with high accuracy able. Our finding in this respect confirms
the relationship between the concentration earlier permeability studies in a wide range

PA,
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of lipids (5) and extends a recent spin label now central to development of the fluidized
study with halothane in cholesterol con- (or expanded) lipid hypothesis of anesthetic
taining bilayers (8). The previous results action. Our fluorescence data, when plotted
(7) might be in error through failure to against membrane concentration, yields a
adequately control the volatile anesthetics straight line. Taking a mole fraction of 0.02
studied or to the inherently large errors to 0.04 as the anesthetic concentration the
associated with electron spin resonance change in microviscosity is 23-5%. Similar
work. The latter point is underscored by considerations at nerve blocking concentra-
the comparison of methods presented in tions yield changes of 16-42%. For halo-
Fig. 3. thane a value of the partial molar volume

The membrane concentrations corre- in egg phosphatidylcholine is available
sponding to anesthesia may be calculated. (Bennett & Miller, unpublished data) and
Using the buffer concentrations summa- the calculated expansion is 1% for anesthe-
rized in a previous paper for general anes- sia and 8% for nerve block in these bilayers.
thesia in newts and goldfish (5), together Our spin-label study with butanol yields an
with a recent figure for pentobarbital in order parameter change of 2% at general
tadpoles (37), the corresponding mole frac- anesthetic concentrations and 7% at nerve
tions in our bilayer are 0.044, 0.041 and block (Fig. 3). In corroboration of the order
0.019 for halothane, butanol and pentobar- of magnitude of these changes an order
bital, respectively. Values given for nerve parameter change of about 1% at an anes-
block by Seeman (12) are higher than for thetic dose of halothane was reported in a
general anesthesia and yield corresponding careful study of egg phosphatidylcholine:
mole fractions of 0.37, 0.14 and 0.17. Using cholesterol liposomes (8). Thus at general
the valinomycin data, the changes of anesthetic concentrations a 2-5% change in
permeability at general anesthetic concen- structural parameters produces a 20-50%
trations are respectively 1.5, 1.5 and 1.2 change in ion permeability. The functional
times, and at nerve block 28, 3.7 and 5.0 change is about an order of magnitude
times, control values. Thus quite clearly larger than the associated structural per-
measurable changes in permeability are ob- turbation in the lipids.
served in each case, while those related to Are such changes as these sufficient to
nerve blocking concentrations are substan- account for anesthesia? Such a question is
tial. There remains little doubt that perme- hard to answer on the present information.
ability, as well as order parameter (8) First, the ionophores studied here are very
changes in bilayers are detectable at phys- simple; more complex ones, such as ala-
iological concentrations, although in the methicin with its potential dependent
case of general anesthesia these changes "gate," might couple to the lipid perturba-
are small. tion much more strongly. Second, the

Table I shows that at equal membrane boundary lipid close to physiological iono-
concentrations all the anesthetics produced phores, such as rhodopsin (38) or Ca2 -
very similar effects on each mode of ion Mg2' ATPase (11), might be more or less
transport including that with no ionophore perturbed by anesthetics. On the other
present. The underlying perturbation, thus, hand, the anesthetic induced change in
probably occurs within the lipids and does time constants of the decay phase of mini-

. not represent an ionophore-anesthetic in- ature end-plate currents at the neuromus-
teraction. This perturbation is not mark- cular junction is only about a factor of two

. edly dependent on the anesthetics' struc- at blocking doses (39). Thus, the observed
ture but is related to their lipid solubility. magnitude of the changes in simple bilayer
The coupling between this apparently uni- systems does not currently provide any ev-
form perturbation and all the ion fluxes is idence for rejecting the lipid perturbation
very similar, although somewhat less effec- model. Unequivocal support for the model
tive with gramicidin A than valinomycin. can, of course, only come from work on

The question of coupling between lipid physiological systems, but studies on more
perturbation and membrane function is complex model ionophores could provide a
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further test. thetic action on ion fluxes does not imply
We now consider the nature of the lipid that they are directly related to the mech-

perturbation that influences the permeabil- anism of the anesthetic effect. Other prop-
ity by considering spectroscopic evidence erties which are co-variant, such as dielec-
on anesthetic-lipid interactions. These tric constant, may well be more relevant.
three anesthetics were chosen to reveal dif- More detailed studies will be required to
ferent aspects of the interaction. Halothane answer such questions.
is relatively nonpolar, is evenly distributed It has recently been shown that anes-
through the bilayer (40), decreases the or- thetics decrease the overall conductance
der parameter of spin probes at different observed in black lipid membranes in the
depths in the bilayer (6, 7) and decreases presence of a gramicidin derivative by af-
the microviscosity of the hydrocarbon in- fecting the number of channels conducting,
terior. Butariol is similar but on average with unchanged unit conductance, at a
probably distributes preferentially into the given time (18). These effects have been
bilayer's interface because of its hydrogen related to changes in bilayer thickness and
bonding capacity (34). Pentobarbital is tension. We found the effects of anesthetics
probably also amphiphatic, and most sig- on the effects of gramicidin mediated cation
nificantly, it is the only anesthetic studied flux in liposomes to be in the opposite di-
here which increases the order parameter rection. If the rate limiting step in our work
reported by spin-labeled lipid probes (10, is the transfer of gramicidin between vesi-
23, 41). This ordering effect is stronger at cles, these observations are not contradic-
the fifth than at the eighth acyl carbon. tory. However, if channel duration is rate
Spin-labels deeper in the bilayer yield little limiting, the discrepancy between the lipo-
information because of the high fluidity, some and planar bilayer work might be
but DPH fluorescence depolarization re- resolved by the recent observation that the
veals a decrease in microviscosity. Thus the thickness of black lipid membranes is in-
observed changes in permeability correlate creased by anesthetics while that of lipo-
best with the changes in microviscosity de- somes is changed little (45) or, as many
rived from the fluorescence depolarization authors have predicted, decreases slightly
of DPH for these anesthetics. This strongly (46, 47). Studies in "solvent-free" planar
suggests that the underlying lipid pertur- bilayers may yet resolve these uncertainties
bation resides in the interior of the bilayer and provide more detailed insights of the
in each case. The lack of correlation be- mechanisms involved (48, 49).
tween ion permeability and order parame-
ter in lipid vesicles has also been noted for
a number of steroids (42, 43). We thank Dr. J. Gergely, A. K. Solomon and A.
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SUMMARY

PANG, K.-Y. Y., L M. BRASWELL, L. CHANO, T. SOMMER AND K. W. MILLER. The
perturbation of lipid bilayers by general anesthetics: A quantitative test of the
disordered lipid hypothesis. MoL Pharnacol. 18: 84-90 (1980).

The ability of a wide range of general anesthetics to perturb the order reported from
spin-labeled phospholipid:cholesterol (2:1) bilayers has been examined. The change in
order induced by increasing concentrations of the following were examined: ethanol,
butanol, trichloroethanol, a- and fl-chloralose, urethane, pentobarbital, thiopental, keta-
mine, and phenytoin. All except the latter and/3-chloralose caused marked decreases in
order. The bilayer/buffer partition coefficients of phenobarbital, phenytoin, and urethane
were measured. The change-in-order parameter as a function of total anesthetic concen-
tration varied widely but when the agents were compared at constant concentration in
the bilayer all the anesthetics examined gave very similar values. Phenobarbital was
somewhat more effective at disordering than the other barbiturates. Phenytoin's weak
disordering ability was probably due to solubility limitations rather than an inability to
disorder. When the general anesthetic and nerve-blocking potency of these agents were
compared to their membrane disordering ability, fair correlations were obtained, but the
barbiturates tended to deviate and this deserves further attention. Furthermore the
change-in-order parameter at general anesthetic concentrations is only 0.6% which is
small compared to the variation to be expected in the physiological temperature range.
Thus although the disordered lipid hypothesis is fairly successful at correlating the
anesthetic potency data over a dose range of four orders of magnitude, some problems
remain. How far these can be overcome by developing more realistic models within the
framework of the hypothesis remains to be seen.

INTRODUCTION the phospholipid bilayer (6). These changes are opposed

Circumstantial support for the lipid theories of general by pressure (5, 8, 9), as is anesthesia with these agents
anesthetic action has remained strong since the turn of (10, 11), and do not occur with the lipid-soluble non-
the century (1). In the last decade advances in the anesthetic long-chain alcohols (4). The measured order
understanding of membranes have been reflected in a parameter changes at anesthetic concentrations are close
renewed interest in these theories. The advent of lipid to the limit of detection of the method (5) but can be

bilayers in particular has enabled the lipid-anesthetic shown to be real (12).
interaction to be examined in greater detail. Gaseous, In spite of this qualitative success few attempts have
volatile, alcohol, steroid, amine, and barbiturate general been made to quantitatively test the disordered lipid
anesthetics have all been shown to disorder lipid bilayers hypothesis of anesthetic action. In the case of gaseous
(2-7), although the last two classes of anesthetics only and volatile agents the gas phase may be used as a
do so if certain proportions of cholesterol are included in reference state and some quantitative comparisons with

anesthetic partial pressure have been attempted (9). In

X W. M. in a Research Career Development Award" o th Na- other cases where quantitative correlations have been
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to disorder egg phosphatidylcholine:cholesterol (2:1) bi- Partition coefficients of phenobarbital and phenytoin
layers. This level of cholesterol was chosen because we, ( 4C labeled, New England Nuclear) were measured using
and others, have previously found bilayers with less the ultrafiltration method of Miller and Yu (16). Incu-
cholesterol are not always disordered by anesthetics (6, bations were carried out at 25*C with 2 mg/ml of lipid
13, 14). For some of these compounds the partition coef- and 0.07 mm total concentration of drug. The pH was
ficients are known, but we have determined them for adjusted to give 90-95% association of these weak acids.
some of the others. For these compounds we are thus in Urethane's partition coefficient is too small for the ultra.
a position to approach two quantitative questions. First, filtration technique. The centrifugation method of Katz
since we can calculate the free aqueous concentration of and Diamond (17), including corrections for nonsolvent
anesthetic, we are able to compare the aqueous concen- water in the'pellet, was used. Samples containing lipid,
trations required to cause general anesthesia or to block ["'C]urethane, and [3H]sucrose (New England Nuclear)
axonal conduction. Good correlations are found for most were incubated overnight at 4°C and then for 6 h at 25*C
of this structurally diverse group of agents. Second, since and pH 7.0 before centrifugation. All partition coeffi-
the actual amount of anesthetic in the lipid is known, the cients are expressed as (moles of anesthetic per milliliter
ability of all the agents to change the order parameter at of lipid/moles of anesthetic per milliliter of buffer). The
a given membrane concentration, a quantity we defined EDso for loss of righting reflex in tadpoles was determined
as disordering efficacy (6), can be examined. In this lipid as previously described (18).
bilayer the anesthetics all have roughly equal efficacies,
and the apparently lower efficacy of the nonanesthetic RESULTS

phenytoin probably arises from solubility limitations. The results of the spectroscopic measurements are
presented in Figs. la and b, as plots of the change-in-

AT.RIA.LS AND ME.THODS order parameter of the spin-label PC (7, 6) as a function
The effect of various general anesthetics and the an- of the ratio of total moles of drug to phospholipid. The

ticonvulsant on membrane structures was generally mon- control order parameter had an average value of 0.62 but
itored from the electron spin resonance (ESR) spectra of varied ±4% from preparation to preparation. In spite of
I-acyl-2[8-(4,4-dimethyloxazolidine-N-oxyl)]paLnitoyl- this variation, which may arise from lipid oxidation, the
phosphatidylcholine [PC' (7, 6)), which was synthesized value of AS observed in the presence of anesthetic re-
in this laboratory by Dr. M. Pringle according to the mained relatively constant (4). In most cases two or more
method of Hubbell and McConnell (15). Egg yolk phos- independent experiments were performed on each anes-
phatidylcholine and phosphatidic acid were from Lipid thetic with several different concentrations. Error bars
Products, Surrey, United Kingdom, and used without are omitted from the diagram for clarity, but reproduci-
further purification. Cholesterol (Sigma Chemical Co., bility in the AS values from day to day was generally
St. Louis, Mo.) was recrystallized in methanol. Pheno- within ±0.01.
barbital, thiopental, and phenytoin were from Sigma. Phenobarbital produced the strongest disordering ef-
Ketamine hydrochloride was a gift from Dr. R. M. Whee- fect at a given total concentration, although the maxi-
lock, Parke-Davis and Company, Detroit, Michigan. Oc- mum effect attained was less than with many other
tanol was purchased from Applied Science, State College, agents. Thiopental was similar but its effect seemed to
Pennsylvania. Trichloroethanol, chloralose and urethane saturate, probably due to limited solubility (the point at
were Aldrich products (Milwaukee, Wisc.). highest concentration was not included in the regression

The method for preparing vortexed phosphatidylcho- in Fig. la). Ketamine and trichoroethanol had similar
line:cholesterol liposomes for spin-label studies has been slopes, but the alcohol exerted the larger maximum effect
reported previously (13). Drugs were codeposited with (Fig. ib). a-Chloralose and butanol also had similar but
lipid before addition of buffer solution (0.01 M Tris-HCI, smaller slopes, and the alcohol again produced the larger
pH 7.0, in 0.1 m KCI). For the highly lipophilic agents, maximum effect. 8-Chloralose was examined, but this
such as phenobarbital and phenytoin, their low solubility nonanesthetic had such limited solubility that no signifi-
in the aqueous phase made it necessary to pay special cant changes were recorded. Urethane and ethanol had
attention to ensure that all drug was incorporated into the lowest slopes of all the anesthetics. Although the
the dispersion. In some cases radiolabeled tracers were alcohol once more exerted the highest maximum effect,
employed for this purpose. The highly water-soluble this was only attained at concentrations so high that the
agents, for example, urethane, were dissolved in the data do not even appear on the extended scale of Fig. lb.
buffer as well as added to the lipid film to form liposomes They are therefore given in the legend. Finally for com-
of the desired total lipid to drug ratio. Volatile agents parison the data for the anticonvulsant, phenytoin, are
were only added in the buffer. Four percent of the phos- shown. It had a slope between those of butanol and
pholipids were always, phosphatidic acid. The order pa- urethane, but the largest decrease in order parameter it
rameter was calculated as previously (13) with polarity produced was smaller than that of any other agent.
and T, corrections from the ESR spectra determined at Concentrations higher than those examined could not be
25*C on a Varian E-109 spectrometer. The disordering dissolved.
efficacy of an anesthetic is defined as the negative of the Thus when considered on a total concentration basis
change-in-order parameter per unit concentration of an- the anesthetics fail produce a consistent decrease in
esthetic in the membrane (units of mu -). lipid order. This is pobably an artifact of the method of

compauison, because the slopes of the regressions in Fig.
'AbWeiation ued: PC, ephatidyfkhofi. 1 tend to increase with increasing lipophilicity. Indeed
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(a) The change-in-order parameter reported by PC (7, 6) as a hmtction of the mole ratio of drug to phopholipid in vortexed lipid dispersions

(64.3 mol% egg phophatidycholine; 2.7 moI% egg phoshadtic acid; 33 m01% cholestero). Phospholipid oncentration was usury 40 rm. The

lines are leastsquares fit& through the origin, but not all the data necesariy are on the graph (see Fig. Ilb). Key (agent, symbol, slope ± SD (no.

ar point)): ethanol, +. -0.0013 :t 0.00022(3); butanol. x -0.019 * 00013(0); trichioroethanol. , -0038 4t 0.0030(4) a-chloralose, 0, -0.026 :t

0.0016(6); pheowbabital. [l -0. 120 4t 00(S3; phenytoin, 4. -0,012 :t 0.0012(4) thiopental. AI -0.076 :t 0.011 W3), highest point omitted, see text;

keamin, , -0.044 ±t 0.0040(4); and urethne. , -0.0%48 *: 0.0009(6). For ethanol and butanol 8-doxylstearic acid was used instead of PC (7,

6). Mb As in (a) but the swai is extended to include all data omitted in that t6gutre except thoe for ethanol which were 15.6, -0.0017; 31.3, -0,07;

anid 47, -1053 ldrulg/phosphat. AS).

ethanol has a lipid/buffer partition coefficient of less found to be 330 and 83, respectively (for the completely

than one and thus most of the ethanol will be in the associated acids). In the absence of cholesterol these
aqueous phase because only a few percent by volume of values rose to 657 and 125, respectively, an effect similar
our suspensions are lipid. Even with the more lipophilic to that noted previously with pentobarbital and thiopen-
agents examined about a fifth of the anesthetic remains tal. The overall accuracy of these figures is about 5%
in the aqueous phase. Thus although Fig. I is a conver- (16). Using the centrifugation assay the partition Coeffi-
ent way of presenting the data, knowledge of the parti. cient of urethane in the mixed lipids had a mean value of
ion coefficients would enable a more meaningful analysis 1.09s with a variation of 1% between the two runs.

to be made. These partition coefficients enable some of the data in

bital in 2:1 egg posphatidyicholine:cholsteroi were anesthetic between lipid and buffer. A partition coeffi-
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CONCENTRATION IN SILAYER, rnM

a,

FIG. 2. The change-in-order parameter for live anesthetics and phenytoin presented as a function of the concentration of the anesthetic in
the bilayer

Key as in Fig. 1. Sources of the partition coefficient data used in the calculation of bilayer concentration are given under Results and in Table
1. The slope of the line is -1.2 :t 0.13 x 10- mraC' for the five anesthetics and -0.12 ±t 0.01 x 10-4 mm-' for phenytoin. The two highest
concentrations of thiopental. were supersaturated and therefore omitted from the regression (see Results).

cient for thiopental is also available (Korten and Miller, EDso's for tadpole loss of righting reflex were found as
unpublished data) and we have used data (17) for ethanol follows (±SE); 170 ± 22 AM for ketamine; 115 ± 11 mm
and butanol in dimyristoylphosphatidylcholine above its for ethanol; 12 ± 1.4 mM for butanol; and 1.8 L 0.23 mM
phase transition to extend our calculations approximately for a-chloralose. Phenytoin and fl-chloralose failed to

to these agents. The results of these calculations are cause anesthesia even at saturation.
given in Fig. 2. A number of points must be considered in
assessing these data. First, the data for the alcohols are DISCUSSION

least reliable. Not only are the partidcn coefficients in a Disordering efficacy. Comparison of Figs. 1 and 2
different lipid, but the spectroscopic data were obtained demonstrates for the first time that agents with a 400-
with 8-doxylstearic acid instead of PC (7, 6). Therefore fold range of lipid to buffer partition coefficients are
the very good fit of the alcohol data with the other equally effective at disordering phospholipid:cholesterol
anesthetics should not be emphasized. We have included (2:1) bilayers when compared on a membrane concentra-
the data to underscore the importance of considering tion basis. The only exception is phenytoin, but this is
membrane concentration for these agents of low partition more apparent than real since all the data were obtained
coefficient. Second, the calculation shows that the final above the solubility limit. It must be emphasized that
aqueous concentration exceeds the experimental solubil- this conclusion applies only to the perturbation of order
ity limit which we determined in our buffer system in at the eighth acyl carbon that we have measured. It
some cases. The two highest concentrations of thiopental seems unlikely, for example, that 1.5 M ethanol (our
were omitted from the regression for this reason, they highest free aqueous concentration) would fail to modify
actually exceed the saturation limit by two and a half dipolar interactions in the lipid-aqueous interface.
and five times. It is probable that some of the biphasic The conclusion for the five anesthetic agents in the
effects reported previously for thiopental (19) resulted present work (Fig. 2) can be extended to include six more
from exceeding the solubility limit. The nonanesthetic, agents (Table 1) as follows. Order parameter data for
phenytoin, exhibits a different slope in Fig. 2. However, xenon and halothane using the same lipid bilayer and
at all concentrations saturation was again exceeded. spin label and using the vapor phase as standard state
Since the spread of the data is small compared to our have been given by Trudell and colleagues (9, 12). The
errors, the apparent trend with concentration could be data for xenon were determined at elevated pressure, but
fortuitous and actually represent a saturated solution in this can be corrected (9). Using a partition coefficient for
each case with the excess phenytoin undissolved. The halothane (12) and xenon (Smith and Miller, unpublished
concentration in lipid at saturation is 25-30 mm, which data) the disordering efficacies in Table 1 were calculated
would bring the data close to the regression line for the by plotting AS versus membrane concentration. Similarly
other agents. On the other hand phenytoin might be we were able to add data for pentobarbital (13, 16).
incorporated into the lipid above the saturation limit if For the remaining three anesthetics we examined, no
some form or phase separation were to occur. The ob- partition coefficient data are available. However, we no-
served effects were too close to the resolution of the ticed for a number of agents for which we have partition
method to make further investigation worthwhile. coefficients in egg phosphatidylcholine:cholesterol (2:1)
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TAsLz I The precision with which the xenon and halothane data
Disordering Efficacy of Eleven General Anesthetics can be expected to compare to our data is unclear, but it

The disordering efficacy was calculated as described in the Discus- is surprising that halothane is a more effective perturber
Sion. It is defined as the negative of the change-in-order parameter per than either xenon or most of the agents we examined.
unit concentration of anesthetic i. the membrane. For agents 1-6 the Whether this is caused by its high polarity, the weakness
bilayer/buffer partition coefficients are known in phosphatidylcholine: of fluorocarbon-hydrocarbon interactions or other causes
cholesterol (2:1). For the subsequent agents the partition coefficients is uncertain.
were approximated by using for agents 7 and 8 partition coefficients in The disordering efficacies of the two alcohols hardly
dimyristoylphoephatidylcholine (17) and for the remaining agents oc- differ from each other or from the preceding six agents in
tanol/buffer pertition coefficients (see Discussion). Order parameter
data are from this work, except those for pentobarbital (12), xenon (9), spite of the approximation made in the partition coeffi-
and halothane (12). cient used, but the agreement must be regarded as partly

Number Agent Disor- Partition Coeffi- fortuitous. The three remaining anesthetics in Table I
dering cient (pH 7.0) all have disordering efficacies which probably do not

efficacy, (Source) differ from those of the other agents when the crude
mS)(10- method for estimating their bilayer concentration is

taken into account.
1 Thiopental 0.85 172 (Unpublished) Thus, the overall conclusion to be drawn from Table
2 Phenobarbital 1.53 51 (This work) 1 is that the disordering efficacy of a diverse range of
3 Pentobarbital 1.02 56 (16)

4 Urethane 1.15 1.1 (This work) anesthetics in phospholipid:cholesterol bilayers varies
5 Xenon 0.91 14 (Unpublished) little. Two additional points are of interest with respect
6 Halothane 1.75 50(12) to this conclusion.

Mean ± SD First, the conclusion is not independent of membrane
(1-6) 1.2 ± 0.36 composition. For example, in the absence of cholesterol

pentobarbital has a negative disordering efficacy (it or-
7 Ethanol 0.93 0.44 (17) ders) while halothane still has a positive disordering8 Butanol 1.27 3.2 (17) efficacy (6). We have discussed possible reasons for the

Mean ± SD change in sign of the efficacy that addition of cholesterol
(1) 1.2 0.32 produces in a previous paper (13). It appears here that

33 mol% cholesterol is sufficient to completely mask any9 a-chloraloee 0.39 40 (20) such effects exhibited by these agents at lower cholesterol
10 Ketarnine 0.40 400 (calculated (21)) contents. For example, pentobarbital changes from or-
11 Trichloroethanol 1.66 7.1 (calculated (21)) dering to disordering at 14 mol% cholesterol (13).

Mean ± SD Second, do the lipid-soluble nonanesthetics and partial
(l-lI) 1.1 ± 0.46 anesthetics have low disordering efficacy, as has been

suggested (4), or are they simply solubility limited? Our
that the ratio of the octanol/buffer to the lipid/buffer data show that for the nonanesthetic, phenytoin, solubil-
partition coefficient varies from 0.3 to 2.4 with values for ity limits the absolute decrease in order. The maximum
80% of the agents between 0.7 and 1.8. We have therefore effect is too small to be reliably measured, and therefore
used the octanol partition coefficients (20, 21) of these we are unable to comment on its disordering efficacy
three anesthetics to estimate their membrane concentra- which may be less than, comparable to, but not much
tion and hence their disordering efficacy. larger than that of the other agents. A similar situation

Thus for six anesthetics, including an inert gas, a holds for hexadecanol (Pringle and Miller, unpublished
carbamate, and barbiturates, we have summarized in data). Thus solubility limits are a sufficient explanation
Table I the measured value of the disordering efficacy. for the lack of potency for these two agents. In other
It has a mean value of 1.2 x 10- 4 MrM- with a standard cases this may not be so. Thus for the partial anesthetic,
deviation of only 27%. The total range of efficacies is 2- tetrahydrocannabinol, we found that order increased for
fold between halothane and thiopental. Within the pres- total drug to phospholipid ratios of 0.06 to 0.20 with a
ent work it is 1.8-fold between phenobarbital and thio- maximum increase in order parameter of +0.02. This is
pental. Such a range is probably higher than the corn- the only agent for which we have recorded ordering at
bined errors of measuring order parameters (individual such high cholesterol content in egg lecithin, and the
regressions of AS versus concentration generally had a only one for which the efficacy appears to differ from the
standard deviation of 10%), phospholipid concentration other agents.
(2%) and partition coefficients (5%), together with errors The disordered lipid hypothesis of anesthetic action.
due to failure to incorporate anesthetic or lipid into the We now turn to using the information summarized in
suspension. Thiopental and pentobarbital, differing only Table 1 to test the hypothesis that anesthetic action
in the substitution of a sulfur for an oxygen atom at the correlates with changes in lipid order reported from the
second carbon in the pyrimidine ring, have efficacies eighth acyl carbon of phosphatidylcholine incorporated
which differ by no more than the expected errors. On the in a bilayer with 33 mol% cholesterol. This means that
other hand phenobarbital with its bulkier substituent on the product of disordering efficacy and the membrane
the fifth carbon in the ring has a significantly higher concentration which causes anesthesia is constant for all
disordering efficacy. Urethane (ethyl carbamate) has an anesthetics. To the extent that disordering efficacy is
efficacy similar to that of the former two barbiturates. constant we are simply testing the relation between

r We--,
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bilayer solubility and anesthetic action. This is analogous gous series of alcohols (7). The barbiturates as a class,
to the problem of distinguishing the lipid solubility and however, deviate markedly from our correlation and de-
expansion theories, where, as here, it is necessary to serve further attention.
invoke the pressure reversal of anesthesia to justify the The set of data for block of the compound action
inadequacy of the solubility theory (22). It is unfortunate potential in sciatic nerve fitted the order parameter data
that none of the full anesthetics examined has such an with a slope of 0.8 :t 0.11. The mean change-in-order
anomalous disordering efficacy that the lipid solubility parameter at nerve block is -0.03 ± 0.023. The largest
and disorder hypotheses might be distinguished on this deviation from the hypothesis line (slope - 1.0) is fourfold
basis alone. for pentobarbital. There is one other deviation, however,

To perform this test conveniently we have calculated which is not shown. Phenytoin blocks at close to satura-
from our data the aqueous concentration of each anes- tion (24) where we expect the order parameter change to
thetic which at equilibrium causes an arbitrary change- be less than -0.01. Thus overall the data fit the model
in-order parameter of -0.01. In Fig. 3 this quantity is for nerve block fairly well but the use of the compound
seen to correlate well both with the concentration re- action potential which represents the sum of several
quired to anesthetize tadpoles and with a set of data for processes (26), and does not take into account the fre-
block of a compound action potential in nerve. Sources quency dependence of block noted in some instances
of data are given in the legend. Each set of data was (27), is less than ideal. However, no other uniform set of
fitted by the best least-squares line both freely (dashed data is available for such a wide range of agents.
line) and also constrained to a slope of 1.0 (solid line) as It would be premature to reject the model on the basis
required by the hypothesis. of the deviations noted above. Thus the ability of barbi-

The data for 10 anesthetics freely fitted to the tadpole turates, but not the volatile agents, to perturb bilavers is
anesthesia results yielded a slope of 0.8 ± 0.11. There are sensitive to both their cholesterol and negatively charged
two major deviations from the hypothesis line; thiopental lipid content (6, 13). Probably the incorporation of pro-
is eight times more, and phenobarbital five times less, tein into the bilayer would further modulate their disor-
potent than predicted. If these two agents are omitted dering efficacy. The model might thus be fine-tuned by
the mean change-in-order parameter for general anesthe- adjustments of the membrane composition.
sia is -0.0035 ± 0.0014, which is similar to a previous Some other indications that the model would benefit
estimate for halothane alone (12). Thus for 8 out of 10 from such fine tuning are that the partial anesthetic
anesthetics a satisfactory fit is achieved covering four tetrahydrocannibinol orders this bilayer, has little influ-
orders of magnitude of potency; these agents include an ence on a bilayer with 50 mol% cholesterol (Pang and
inert gas, two alcohols, an amine, a barbiturate, and a Miller, unpublished data), but does disorder a H-layer
volatile anesthetic, as well as a carbamate and a-chlora- with the saturated phospholipid, dipalmitoylphatidyl-
lose. Although this correlation could arise by chance, the choline, and cholesterol (1:1) (28). Similarly nitrogen
fact that no such correlation would be found if cholesterol does not disorder the present model (9) but does disorder
were omitted from the bilayer tends to argue against this. red cells under some circumstances (29), an indication
Similar correlations have been presented for a homolo- that membrane protein may also modulate disordering

efficacy.
One other problem of the model deserves mention.ESO - The order parameter change equivalent to anesthesia is

'0 Uo " 0. 4 imilar in magnitude to the percentage volume change
- found for the critical volume hypothesis (30), as might

Z be expected for two interrelated variables (8). Our control
10 y/ ,/n 0 experiments show that a similar change-in-order param-

0o eter can be produced by raising the temperature 0.32*C.

Pentoborbi This clearly is a problem for he disordered lipid hy-poth-
S . . . ess, as has been recently emphasized (31). However

U." Pom 101 changing lipid order by introducing an anesthetic into
0 Thiapenid the lipid bilayer is qualitatively different from doing so

o . .-- ' ,by introducing thermal energy. The latter perturbant will
01 be sensed by all parts of the system, and the change in

00 0.1 1o 10 Io 1000 order might well be compensated for elsewhere in the

PHYSIO.OGICAL CONCENTRATIoN. mM perturbation-response chain. However, this remains to
be demonstrated. It is interesting to note that the critical

FIG. 3. Correlations betwen pysilogial potency and disorder. volume hypothesis does not suffer from this disadvan-
ins effect

The aqueous concentration corresponding to a change-in-order pa- tage. Its critical volume is equivalent to an increase in
rameter of -0.01 was calculated from the data in Table I. The nerve temperature of over 100 C (30). It is thus possible that
block data. 0, were for sciatic nerves from Refs. (23, 24). Tadpole membrane volume changes are a more appropriate model
anesthesia data, C, from f23. 25) and thin work. All concentrations are for anesthesia than lipid order.
for the uncharged form of the drig. The dashed lines are least-squares Thus, we conclude that the disordered lipid hypothesis
flts and the solid lines were fitted similarly but with the slope con- of anesthetic action correlates the activity, or lack of it
strained to one. (phenytoin and P-chioralose), of a diverse set of agents
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INTRODUCTION Currently the most successful of such mod-
els is the critical volume hypothesis, which

Studies of the mechanism of anesthesia, states that anesthetics act by dissolving in
per se, suffer from the major problem that and expanding some hydrophobic phase or
the site of anesthesia remains unknown. Thus site (14). When this expansion exceeds a cer-
an indirect approach has often been adopted. tain critical value, anesthesia results. Pres-
The predictions of proposed models of anes- sure reverses anesthesia by opposing this ex-
thetic action are compared with the physio- pansion. Available solubility data can be
logical data for some behavioral end-point, used to model the hydrophobic site and the
such as loss of righting reflex or failure to choice of solvent can be made objectively;
respond to a painful stimulus. This black-box the only remaining adjustable parameter is
approach has been remarkably successful in the compressibility, but even this is found to
distinguishing various models from one an- fall within the rather narrow range ( F physi-
other (14). This is partly due to the high pre- cally realistic values. Using this mudel, the
cision with which anesthetic potency can be solvent power, or solubility parameter, and
measured, which is the result of steep dose- the compressibility of the site of action may
response curves and the ability, at equilib- be characterized (17). Two questions remain
rium, to measure the dose in the central ner-
vous system (CNS) as the partial pressure of unanswered: Does the success of this model
anesthetic applied. Such studies have thus arise by chance? What is the nature of the
been l-'iited to volatile agents. since the use hydrophobic phase that is so well modeled

of in.avenous agents is fraught with by organic solvents?
pharmacokinetic artifacts. Two important On the latter point, much evidence is con-

limitations to this method must be recog- sistent with the hydrophobic site being the
nized. First, the predictions of a model can lipid bilayer of some neural membrane. The

only be shown either to be unable to fit the solubility of gaseous and volatile anesthetics
data or to be consistent with it. Thus models in lipid bilayers closely parallels that in or-
may be rejected but never proved. Secondly, ganic solvents (13). The ion permeability of
models must be simple enough to allow un- lipid vesicles is increased by anesthetics and
ambiguous predictions to be made objec- decreased by pressure in a manner quantita-
tively. tively in accord with the critical volume hy-
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pothesis (8). Detailed spectroscopic studies end-plate (1), whereas others have implicated
on lipid order have been carried out on the lipid fluidity in the action of volatile agents
premise that lipid expansion and disordering at the neuromuscular junction (5). Biochemi-
are equivalent (7). These studies show that cal studies have shown that barbiturates dis-
all anesthetics disorder bilayers, partial anes- place the saturable binding of picrotoxinin to
thetics partially disorder bilayers, and lipid- rat brain membranes (20).
soluble nonanesthetics do not disorder One criterion for evaluating the relation-
bilayers (11,22). Pressure orders bilayers, op- ship between such observations and the ac-
posing the effect of anesthetics (22). In order tions of the same agents in producing general
for the model to be successful it is necessary anesthesia is pressure reversal of the anes-
to include cholesterol in the bilayers. For ex- thetic effect. A second rationale in our study
ample, pentobarbital orders bilayers lacking was that it had never been demonstrated that
cholesterol (16). At least 30 mole % of choles- pressure and anesthetics could oppose each
terol is required to ensure that most anesthet- other's effects at a single synapse; yet this is a
ics disorder the bilayer. This value is interest- fundamental assumption of many of the
ing, since nerve membranes have similar black-box models. We wished, then, to exam-
cholesterol contents (18). ine the actions of anesthetics on a single syn-

Thus, these black-box models have been apse and to elucidate the mechanisms of such
very successful. Although quite plausible al- actions and the ability of pressure to modu-
ternative models exist in principle, they are late them. We chose to do so in acetylcholine
usually incapable of making predictions that (ACh) receptor-rich membranes isolated
are quantitatively testable in this way. For from the electroplaque of Torpedo californica.
example, in a recent publication on the de- This rich source of material enables many
generate perturbation hypothesis, which pro- types of study to be undertaken, and the high
poses that anesthetics may bind directly to specific activity allows structural perturba-
many sites of different structural specificity tions to be measured also. Previous chapters
on an excitable protein, all the data pre- in this volume have provided examples of
sented were on lipid-anesthetic interactions such studies.
(19).

In order to avoid the limitations of the STUDIES ON THE EQUILIBRIUM
black-box models it is necessary to examine BINDING OF ACETYLCHOLINE TO
specific biological systems. It is important to ITS RECEPTOR
acknowledge that in so doing one is no
longer studying general anesthesia. General ACh receptor-rich membranes were iso-
anesthetics are nonspecific agents of low af- lated from freshly killed Torpedo by centrifu-
finity and it is quite plausible that they may gation (3). The material obtained had a spe-
produce effects at different locations by to- cific activity of 1 to 3 pmoles of ACh sites P
tally unrelated mechanisms. Indeed the data and 0.5 to 1.0 mmoles of phosphate per gram
to be presented here suggest that at a single of protein. The major lipids are phosphatid-
synapse more than one mechanism may be at ylcholine, phosphatidylethanolamine, and
work. cholesterol, the ratio of phospholipid to cho-

When such specific systems are studied it is lesterol being close to 1:1 (18).
often possible to test models in detail. Thus The effects of anesthetics were first exam-
Adams has produced evidence consistent ined on the equilibrium binding of [3H]ACh,
with the idea that barbiturates selectively using a centrifugation assay (4). AChR stock
bind to a site on open ionophores in the frog solution, 1.2 ml (3p/, in sucrose) is diluted to
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13.5 ml with Torpedo Ringer (250 mm NaCI, fiber filters and the filter correction is in-
5 mM CaCI2 , 2 mm MgCI2, 5 mm sodium cluded in that obtained for nonspecific bind-
phosphate, pH 7) and mixed with 1.5 ml of ing, using toxin preincubated receptor.
10-3M DFP. One-milliliter aliquots are added The effects of a wide range of general anes-
to 12 polycarbonate centrifuge tubes and a- thetics on equilibrium binding of [3H]ACh
bungarotoxin added where appropriate. Af- has been studied. In order to survey the anes-
ter 30 min (independent controls show these thetics an assay is set up where about half of
conditions block all acetylcholine esterase the receptors are occupied by [3H]ACh.
(AChE) activity) 6.8 ml of Ringer containing When increasing concentrations of anesthetic
anesthetics as appropriate are added to each are added, increased or decreased binding
tube, and after 15 min [3H]ACh (3.2 pm) and may be readily detected. Suitable concentra-
Ringer are added to achieve the desired con- tions of selected anesthetics may then be cho-
centration in a total volume of 8 ml. This sen and full ACh binding curves made to de-
gives 30 nM AChR and up to 180 nm fine the cause of changes in binding.

[3H]ACh. Half saturation occurs at 7 to 10 All the volatile anesthetics increase the
nim ACh. From each tube 0.5 ml is with- binding of [IH]ACh at low concentrations.
drawn and counted in 6 ml of Biofluor to For halothane, chloroform, and diethylether
give the total counts. The remainder is centri- this effect is first detectable at concentrations
fuged at 39,000 rpm for 90 min. If volatile that anesthetize tadpoles at room tempera-
anesthetics have been used aliquots are taken ture (the temperature of the binding assay).
for GC analysis immediately on opening. Su- Maximum binding occurs at about five times
pernatant, 0.5 ml, is taken for the free counts. the anesthetic concentration. At higher con-

Filtration assays are carried out similarly centrations binding decreases, eventually in
in principle. Filtration is performed on glass an irreversible manner. This pattern is also
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FIG. 1. A comparison of the effects of various concentrations of halothane, pentobarbital, and SKF
525a on the high-affinity equilibrium binding of PH d-tubocurarine to ACh receptor-rich membranes
from Torpedo californica. The concentration of SKF-525a has been multiplied by I0 to avoid compress-
:.'g the scale.
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seen in the alcohols (ethanol, butanol, and gave mass action binding with a dissociation
octanol). It resembles that reported (4) for constant of 30 n. Halothane and pentobar-
local anesthetics but occurs over a narrower bital acted, as with ACh, by changing the
concentration range. The barbiturate and receptor's affinity (Fig. 2).
amine anesthetics, on the other hand, de- These data suggested that the action of
crease ligand binding and effects are detect- both halothane and pentobarbital could not
able well within the range causing general be exerted by a lipid perturbation mecha-
anesthesia. The effects on the binding of the nism. However, in certain lipid bilayers pen-
antagonist, d-tubocurarine, are very similar. tobarbital orders the lipids. Accordingly a
These results are summarized in Fig. i. small amount of the spin label 5-doxyl stearic

The binding of [3H]ACh to the receptor acid was incorporated into the membranes.
does not follow the law of mass action. Thus Results of this electron spin resonance (ESR)
in one experiment half saturation occurred at study showed that both agents disordered the
8.5 nM and Hill analysis yields a dissociation lipid (Pringle and Miller, unpublished data).
constant of 20 am and a Hill coefficient of Thus it was unlikely that lipids could be in-
1.4. Binding curves with fixed concentrations volved in the actions of both agents.
of halothane or octanol, up to those causing
maximum increase in binding, showed a pro- EQUILIBRIUM BINDING OF
gressive decrease in dissociation constant and ACETYLCHOLINE AT PRESSURE
no change in the Hill coefficient. With pento-
barbital, on the other hand, the shift was to a To see if pressure could be antagonizing
higher dissociation constant, again without the effects of either pentobarbital or halo-
change in Hill coefficient. thane, filtration experiments were carried out

The high-affinity binding of [3H]d-tubocu- in an 8-inch diameter steel chamber. Pressur-
rarine, which saturates half the ACh sites, ization is achieved with the nonanesthetic gas

)_
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FIG. 2. Effect of fixed concentrations of halothane (2.5 mm) and pentobarbital (0.8 mM) on the equilib-
rium binding curve of (3H~d-tubocurarine. Only a-bungarotoxin-displaceable binding is shown, and the
y-axis has been normalized, since the receptor concentration was different in each experiment.
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helium. Twelve filtration units are mounted stant, it is possible to obtain a binding curve
on a turntable in the chamber. They may be in the presence of both octanol and 300 atm
moved in turn to a position where they may pressure, which is experimentally indistin-
be remotely connected to the outside of the guishable from that at 5 atm without octanol.
chamber. This process is operated and timed In one experiment the Hill dissociation con-
by a microprocessor so as to give smooth, stants were as follows: in 1 mm octanol at 5
reproducible filtering. Solutions to be filtered atm, 6 nM; in 1 m octanol at 300 atm, 16
may be placed above the filters on dia- nm; in the absence of anesthetic at 5 atm, 15
phragms that rupture at the commencement niM; and at 300 atm, 23 riM. Thus, in this re-
of filtration, or may be delivered from motor- spect pressure may reverse the effects of vola-' driven syringes. tile anesthetics, whereas it acts additively

Helium pressure decreases both I3HIACh with barbiturates. This situation is consistent
and [3H]d-tubocurarine binding. The effects with the view that volatile anesthetics are
of anesthetics are the same at high pressure. acting by a lipid perturbation mechanism,
Halothane and octanol both increase binding but barbiturates are not. Studies of ACh
equally at 5 and 300 atm, whereas pentobar- binding kinetics, however, demonstrate that
bital decreases it equally (all relative to con- the situation is more complex than this.
trol binding at the same pressure).

Binding curves show that pressure changes EFFECTS ON ACETYLCHOLINE
only the Hill dissociation constant. Halo- BINDING KINETICS
thane is too volatile for work of the highest
precision, and octanol was therefore used in- To elucidate further the above changes, ki-
stead for detailed studies. Pressure causes a netic studies have been performed. A simple
similar shift in the dissociation constant in classic mixing device was built. Two syringes,
the presence and absence of a fixed concen- one containing receptor suspension (with or
tration of octanol. Since the effects are addi- without anesthetic) and the other [3H]ACh,
tive and act only on the dissociation con- are driven equally by hand with a rigidly
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FIG. 3. Kinetics of [3H Ch binding to ACh receptor-rich membranes. The membranes were preincu-
bated with anesthetic wrere appropriate and then rapidly mixed with the ligand and filtered at the times
shown. Initial conditions: left, 50 nM ACh and 25 nM receptor; right, 25 n ACh and receptor.
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mounted drive block. Their contents pass on this equilibrium. One may tentatively con-
through a T-mixer into an aging syringe. Af- clude then that the effects of these perturbers
ter a suitable interval this aliquot is dis- on this equilibrium are independent of lipid
charged onto a Millipore filtration device, fluidity, at least in the concentration range
The drive syringes may be refiled from reser- studied. Pressure probably slows the rapid
voir syringes connected by valves and all high-affinity binding of ACh, since the over-
tubes are cleaned before the next mixing all dissociation constant is lowered, but de-
event. These studies are based on the classic tailed interpretation of the pressure work
work of Cohen, outlined in an earlier chapter must await more adequate techniques.
of this volume. Since the sum of the free energy changes in

Figure 3 shows the results for a set of ex- the cycle must be zero, changes at one point
periments. The kinetics are biphasic. At the must be balanced elsewhere. We might ex-
lowest concentration binding occurs too rap- pect, therefore, that if these studies were ex-
idly to be detected by our technique, whereas tended to the other quadrants of the cycle
at higher concentrations this fast phase is fol- further effects of anesthetics might be found.
lowed by a slow phase with a half-life of ap- Thus we are studying the effects of pressure
proximately 1 min. Log-linear plots (not and anesthetics on the agonist-elicited per-
shown) clearly reveal the biphasic nature of meability response of membrane vesicles.

these curves. It can be seen that octanol in-
creases the amplitude of the initial fast phase AGONIST-STIMULATED CATION

of binding whereas pentobarbital has the op- EFFLUX

posite effect, although less dramatically.
These data are thus consistent with the equi- Although the latter studies offer plenty ofTihriu bdin arets cammunition to those who have the convic-lib ri u m b in d in g da ta . ti n t a i i s r o-no v e n a e t e i

We have not developed equipment specifi- aion that lipids are not involved in anesthetic
cally to study kinetics in our pressure chain- ction, they were carried out on the high-af-
ber. However, the syringes normally used for inity binding of ACh, which is not directlyrelated to the physiological function of the
delivery of solutions to the filters can be em- reledto therphysooieatfuncto the
ployed for experiments in which the mixing receptor. Numerous studies attest to the abil-

ed isftorereon s. mhxei ity of anesthetics to block or shorten the ac-
timetion of elctrically and chemically stimulated
ments show that neither in the presence nor ion channels (1,5). A few studies show that
the absence of anesthetic does pressure have pressure tends to prolong the action of such
a large effect on the amplitude of the fast channels (6). We here present data on the
phase. Thus it seems probable at this level action of anesthetics on a cholinergically
that anesthetics and pressure may not inter- stimulated ionophore.
act directly; indeed they may act at indepen- It has been shown by a number of workers
dent sites. that the receptor-rich membranes from Tor-

Our data are too preliminary for detailed pedo form sealed vesicles (15). If these are
interpretation. However, within the cyclic preincubated with radioactive cations the
scheme of Katz and Thesleff (9), elaborated ability of agonists to stimulate the release of
on in some detail by Cohen earlier in this these ions may be studied. One practical
volume, the following seems clear. Octanol problem we faced was the complexity of pub-
and pentobarbital perturb the preexisting lished techniques. In particular, extensive
equilibrium between high- and low-affinity washing of filters was involved to remove the
forms of the receptor in opposite directions. cations external to the vesicles, followed tly
Pressure, on the other hand, has little effect counting of the filters to determine the cat-
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ions remaining in the vesicles. The external concentration-dependent manner, causing
ions involved were largely those remaining complete block at higher concentrations (Fig.
from the loading procedure, together with 4). The nonanesthetic anticonvulsant, phe-
those released by agonists. In the pressure nytoin, did not block the flux, even though it
chamber washing of the filters would be diffi- perturbed ACh binding. Thus in general the
cult. " 1e solved this problem by using exclu- pattern of pharmacological effects paralleled
sion chromatography to separate the vesicles that seen in general anesthesf 4, as might be
from the external ions. We were thus able to expected from the extensive electrophysio-
determine the agonist-stimulated cation ef- logical work at the neuromuscular junction4 flux by assaying the filtrate directly and sub- (10,11,12,21).
tracting the appropriate controls to correct The interaction with anesthetics is quite
for background efflux. complex. Even with 10-m carbachol, when

High concentrations of carbachol were the control flux becomes maximal within 20
found to releas ; essentially all the ions within sec, in the presence of pentobarbital flux is
20 sec at 40C. At lower concentrations longer prolonged. That is, channel opening is still
times were required (Fig. 4). The equilibrium occurring. This may also be true of the con-
cation release was concentration-dependent; trols, but when the vesicles are depleted of
the data could be fitted to a Hill plot and labeled cation further channel opening can-
yielded a dissociation constant of 1.5 P. and not be detected. The time scale of the re-
a Hill coefficient of 1.8. sponse indicates that effects on both the

The effects of general anesthetics on the channel and on desensitization (conversion
maximum flux at 20 sec were examined. All to the high-affinity form of the receptor) are
the general anesthetics decreased the flux in a involved. Comparison with the data for ACh
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FIG. 4. Characterization of URb+ effiux from cholinergic vesicles. X, represents the background or
passive leak; zero time is 10 to 15 min after elution from the exclusion column (see text). At various
times aliquots of vesicles are added to carbachol to yield the final concentrations shown. Inset, +,
shows net flux for one such addition, where net flux is the difference between stimulated and back-
ground efflux. X, represents the total counts in each aliquot.

__ 1 IE- I I



206 ANESTHETIC-PRESSURE INTERACTIONS
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Sauter JF, Wankowicz PG. Miller KW. An apparatus for performing filtration assays in hyperbaric
atmospheres. Undersea Biomed Res 1980: 7(4):257-263.-A detailed understanding of the effects
of diving gases on the central nervous system will require extensive neurochemical studies. One
standard tool of the neurochemist is the filtration assay used to measure the binding of neuroeffec-
tors to receptors, for example. We describe here a system for carrying our 12 such assays in
hyperbaric gaseous environments. The device fits in a small pressure chamber and consists of a
syringe drive for delivering solutions to the filter units brought in turn under an injection nozzle by a
conveying carousel. A modified commercial filter apparatus is held on top of a vacuum-tight
collection compartment. Solution is injected into an incubation well above the filter. After stirring
and incubation, filtration is performed by allowing the positive pressure of the chamber to burst a
diaphragm at the bottom of the incubation well and push the solution through the filter. The binding
of [3Hjacetylcholine to recepor-rich membranes from Torpedo californica was studied. In one
experiment a percentage receptor occupancy of 49.5 - 1.4 at 5 atm was reduced to 41.7 = 0.9 at 300
atm.

hyperbaric filtration apparatus
gas pressure
fitration assay

To obtain a complete understanding of the physiological effects of pressure and of diving
gases will require a detailed approach in which the effects on intact animals are compared to

the results from electrophysiological and neurochemical studies on isolated systems. Few
neurochemical studies have been reported under high pressure of gases (1). One common tool
used in neurochemical studies is the filtration assay, which may be used, for example, to

measure binding of neuroeffe ;tors to their receptors. In this note we describe a filtration
apparatus for use in gaseous hyperbaric environments, and we demonstrate that the binding of
([H]acetylcholine to its receptor may be measured with high precision in a small chamber
pressurized to as much as 300 atm with helium.

GENERAL DESCRIPTION OF APPARATUS

Our overall objective was to design a system capable of achieving a dozen filtration assays
during a given pressure exposure. We also needed to mix accurately known volumes of

257
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various solutions in situ and stir them before filtration. The solution had to be achieved within
the confines of an existing pressure chamber (2) that provided a cylindrical working space of
18 cm i.d. by 61 cm.

A general view of the final apparatus is shown in Fig. 1. It consists of three parts: a syringe
drive (left) for delivering solutions; a mixing and filtration carousel with 12 movable filtration
units (right): and a system for applying suction to the filter (not shown, but see Fig. 3).

The syringe drive subsystem is conventional and is not described in detail. Because of the
space limits in our chamber this unit was custom made, but any commercial system (e.g.,
Harvard pump, Harvard Apparatus, Millis, MA. or Hamilton Microlab P. Whittier, CA) could
be substituted. Two features of our system are of sufficient interest to deserve attention.
Stepping motors, working on a threaded lead principle, were folded back on the syringe so that
they pull, rather than push, the piston. This arrangement saves space. The system can deliver
a series of small aliquots from a large syringe (typically 1.5 ml from a 50-m syringe) with a
precision better than 1%, as determined both on the bench and in the chamber by weighing
aliquots of water delivered from a syringe. Plexiglas mounting plates were used to allow the
operator an unobstructed view through the unit.

Filtration units

The filtration unit had to allow the solutions to be mixed, incubated, and subsequently
filtered. Standard Millipore or Whatman glass fiber filters were to be used, and for simplicity
these were to be held in a suitably modified and commercially available filter unit. The design
now in use is illustrated in Fig. 2. It consists, from top to bottom, of four functional units: I) an
incubation well, 2) a breakable diaphragm, 3) a filter holder, and 4) collection vessel. The
whole unit disassembles to allow both retrieval of filter and filtrate after the experiment and

P 'VG SOLUTION FILTRATION UNIT
w, Ts OELVERY TueEs Ar FILTRATION PCITCN

IP-

SYRIWNGE DRIVE CARROUSEL

Fig. I. View of the complete filtration system, showing the syringe drive with 2 of 4 syringes mounted,
carousel with 3 of 12 filter units, and 5 rotatable bar mannets on top. Rings on the carousel are spacers
used only in experiments with less than 12 filters.
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* 3

Fi. 2. Section of a filtration unit: I. incubation well; 2. diaphragm; 3. filter: 4. collection vessel. 5, gas
evacuation vent.

decontamination and washing before reuse. As many as 12 such units may be accommodated
on the carousel.

The incubation well is a Delrin-lined cylinder (1.5 cm i.d. by 3 cm) open at the top and closed
at the bottom with a burstable plastic diaphragm (polyvinylchloride. 10-20 jam thick.
Sandwich Bag, Purity Supreme, Boston. MA). Solutions may be added to this from the syringe
drive subsystem and mixed by a Teflon-coated. magnetically driven stir bar. The filter holder
is a Nuclepore (Pleasanton, CA) in-line type. 25 mm. modified externally to seat between the
diaphragm and collection vessels on 0-rings. The filtrate drains into the lower Plexiglas-walled
chamber, where it is collected in a 5-mi glass vessel. A central hole in the base of the unit
provides a pressure vent.

Fltration carousel

Twelve filtration units can be positioned in the carousel's raceway. They may be driven
around the raceway by two motor-driven capstans driving a compressible O-ring belt (Buna N,
70 durometer). The belt constitutes the inner race and drives the filter units by rotating them
against the outer stationary race. The central division also contains a variable speed 12-V DC
motor linked by belt drive to five axially nounted horizontal bar magnets, which may be
rotated to drive the stirrers in the incubation wells.

Noe
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Filling of the incubation wells and filtration are both performed at the end opposite the
syringe drive. where the procedure may readily be observed through a chamber window.

Suction system

Suction for filtration is achieved by using the difference between the chamber pressure and
room pressure. Two devices are required- the first to lock the base of the filtration units to a
pipe venting through the chamber wall (Fig. 3), the second to control the pressure differential

between the pipe and ambient pressure (Fig. 4).

The filtration lock (Fig. 3) is situated under the carousel at the window end position (Fig. 1.
right). It is activated by opening of the piston vent pipe (Fig. 3. A) to low pressure, thus
automatically raising the differential piston. D. to lock the O-ring to the base of a filtration unit
at B. As the pressure in the differential piston continues to fall the spring-loaded check valve.
E, opens; the subsequent evacuation of gas from the filter unit results in rupture of the

diaphragm (Fig. 2), and the contents of the incubation well then fall onto. and pass through.
the filter. Close control (see below) of this operation is required. particularly at the highest

pressures, to avoid rupturing the filter. The design of the filter support screen is also
important-large unsupported areas must be avoided. Control should be such as to avoid
dispersing or aerosolizing the filtrate, both because this may lead to experimental anomalies

and because the filtrate is radioactive.
Very smooth filtration, even at 300 atm. can be achieved by using the exhaust control unit

shown schematically in Fig. 4. In normal operation valve A is open so that any minor leaks in
the closed valves B and C do not activate the differential piston. To achieve filtration valve B

is opened and then the pressure equalization valve (valve A) is closed. Valve C is controlled

automatically because this enables achievement of the highest reproducibility, but manual
control is satisfactory: we use a Kim-I (Commodore, Santa Clara, CA) microprocessor for

this, but any adjustable timing device or circuit would be suitable. Opening C allows venting to

the room through the micrometer valve D and activates the filtration sequence described
above. The setting of the micrometer valve is determined empirically, starting with a small

setting and increasing the setting until the desired result is achieved. For this purpose it is very

useful to be able to observe the filtration process through the chamber window. In practice
two such valves are required to give a wide enough range of flows to achieve filtration from 2

atm to 300 atm. At any given pressure a range of micrometer settings will be found. At the
lowest setting a slow fdtration sequence, requiring about 2 s to break the diaphragm and 5 s to

filter, yields very smooth filtering. At the highest setting almost instantaneous filtration oc-
curs, but gas flow must be stopped quickly to prevent splattering the contents of the collection
vessel. After filtration. B is closed, and A is opened to ensure the return of the suction piston

to its lower position. Because the filtrate is radioactive it is important to effectively baffle the

exhaust pipe E to prevent aerosolized radioactivity from entering the laboratory during vigor-
ous filtration. For this purpose we lead the exhaust pipe to the bottom of a plastic bottle

loosely filled with absorbent paper.
One further parameter that is conveninet to fine tune is the dead volume between C and D.

This space is initially at I atm when valve C is opened: the resulting pressure surge is ideally

sufficient to raise the differential piston but not to open the check valve. The latter opens as
pressure falls under control of needle valve D. We adopted this pneumatic method because of
space limitations, but if these are not critical, electrical elevation of a simpler lockup for

delivering suction to the filter could well be satisfactory.
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Iig. 3. Cross section of the lock that connects filtration units to suction during filtration. A. piston
vent pipe connecting to controls (see Fig. 4) outside the chamber-. B. top of differential piston that seals to
the gas evacuation vent on the bottom of a filtration unit: C. level of the carousel table: D. differential
piston that moves upward upon evacuation through A; E. spring-Woaded check valve that opens after B
locks to the filtration unit.

PROCEDURES AND RESULTS

The system used to test and develop our mnethodology was the binding of ['Hlacetylcholine
to receptor-rich membranes isolated from the electroplaque of the ray Torpedo californica.
Experimental procedures given here are only concerned with the high pressure aspect of the
experiment. The techniques used are well established and details may be found elsewhere (3.

PRESSLIRE 014WB

(ABOVE ATMOSPHCRCJ

TO DFFEREM7AL
PIPIS ( A IN
FIG. 3)

Fig. 4. Schematic of the external pneumatic arrangement used to control filtration. Valve C is electri-
ally activated, valve D is a micrometer needle valve used to adjust the speed of filtration. System isr duplicated for low presure filtration (see text).
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4). Briefly the principle of the experiment is that a suspension of acetylcholine receptor-
containing membranes is mixed with an appproximately equal concentration of [3H]acetyl-

choline. As the latter binds to its receptor its free concentration is reduced. After equilibration
is complete, filtration allows determination of the remaining free (3H]acetylcholine concentra-
tion in the filtrate after small corrections have been applied for nonspecific binding to the filter
and to the bioembrane.

Three different ways of using our equipment were investigated. In the first two the solutions
were added to the incubation well-either manually before the chamber was closed or au-
tomatically from the syringes at pressure. These two methods gave identical results. In the

third method a stream of mixed suspension was delivered directly onto the filter in the absence
of any diaphragm. Such a procedure would be necessary during experiments on the kinetics of
binding, when the slightly variable time of diaphragm bursting is a disadvantage, or for equilib-
rium studies on the premixed solutions in the syringe when dispensing with the diaphragm is
merely a convenience. All the experiments here were conducted at equilibrium. Initial exper-
iments concentrated on reducing the standard deviations between filtrations. Initially such
errors were in the range of 5% to 15%, but it was soon found that this percentage could be
improved by removing the upper filter-holding grid, or screen, in the Nuclepore unit. The
latter was designed to allow bidirectional flow and had been retained to avoid filter movement

during compression. It is not shown in Fig. 2. With the screen removed the diaphragm method
consistently gave standard deviations of about 2% in groups of four filtrations. Comparable
accuracy could only be achieved in the absence of the diaphragms when suction was corn-
menced a few seconds after delivery of the solution to the filter. Simultaneous suction and
filtration at high pressure increased the standard deviation to 8%- 10% at 300 atm.

The best standard deviation achieved above is comparable to what may be achieved by
using conventional equipment on the bench. Such low variability suggested that no receptor-
containing membranes were being forced through our filters. This conclusion was confirmed

by refiltering on the bench filtrates collected from high pressure filtrations. During the early
experiments catastrophic failure of the filters occurred sometimes, but development of the

technique of applying suction, described above, has totally prevented this.
As an example of the sort of results that may be obtained, in one experiment in which the

total receptor concentration in suspension was 35 nM and the total [3H]acetyicholine concen-
tration was 35 nM, we found the percentage of receptors occupied by acetylcholine to be 49.5
-t 1.4 (SD) at 5 atm helium. 49.0 -t 0.8 at 150 atm helium, and 41.7 ± 0.9 at 300 atm helium.
Four filtrations were performed at each pressure.

71& research was supported in pat by an Office of Naval Research Contract (NO0014-75.C-0727) and with finds
provided by the Naval Medical Reearch and Development Comnd and in part by a grant from the Biomedical
esech Suppot Grant of the N.I.H. at the Massachusetts General Hospital. J.F.S. was a fellow of the Swiss National

Foundatioe for Scientific Research and K.W.M. is a Research Career Development Awardee of NIGMS (GM-00199).
Anyone desirng mon detailed informnaion on the equipment is invited to wnte to P.G.W. or K.W.M.-Manuscrpt
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Sauter IF, Wankowicz PG. Miller KW. Un dispositif pour l'execution des essais de filtration dans
les atmospheres hyperbares. Undersea Biomed Res 1960: 7(4):257-263.-Une comprehension
ditaifle des effets des gaz de plongeur sur le systeme nerveux central ricamera des etudes
neurochimiques etendues. Un outil classique du neurochimiste est l'essai de filtration utilisd pour
ndurer l'agrgation des effeteurs neuraux aux recepteurs par exemple. Nous dcrivons ici un
syshme pour mettre i execution notre douze essais dans les environnements hyperbares iazeuses.
Le dispositif s'adapte k une petite chambre de pression et consiste en une attaque-seringue pour
dilivrer des solutions aux unitis filtres amenes en tour sous un ejutage d'injection par un carousel
porteur. Un dispositif filtre commercial modifid est tenu stir le sommet d'un compartiment de
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mssemblemmnt vacuumetanche. De Is solution est injectke dan un puits d'incubstion au-dessous
du filtre. Aprts de I'agitation et de Iincubstion. Ia filtration est executie permettarn Ia pression
positive de ia chambre d' iclaer un diaphragme sur l fond du puits dincubation et pousse Is
solution i travers e filtre. L'grigation des membranes rches de recepteurs (3Hlacetylcholine du
Torpedo calfo.aica a 6ti studiie. Dans une ipreuve une occupation receptaur pourcentage do 49.5
. 1.4 1 S aim a iti 141.7 ± 0.9 1 300 aim.

disposit de fitration hyperber
prdssion de pa
essui de filtration

RIEFERENCES

I. Fish E, Shankamn R. Hsi& JC. High pressure neurologica syndrome: antagonistic effects of helium
pressure and inhalation anesthetics on the dopamine-sensitive cyclic AMP response. Undersea Biomed
Res 1979; 6:189-196.

2. Miller KW, Wilson M. The pressure reversal of a variety of anestheo agents in mice. Anesthesiology
1978; 48:104-110.

3. Cohen JB. Changeux JP. The cholinergic receptor protein in its membrane environment. Annu Rev
Pharmacol 1975; 15:83-103.

4. Sauter JF, Braswell LM, Miller KW. Action of anesthetics and high pressure on chofinergic mem-
branes. In: Fink BR, ed. Progress in anesthesiology, Vol. 2. New York: Raven Press. 1960: 199-207.

I •



SECTION 3.2 84.

The Amelioration of the IHPVS

Keith W. Miller

The object of this presentation is to examine in detail how

far a pharmacological approach may be useful in the control -f the

RPNS. I shall not be much concerned with other important variables

such as compression rate and temperature. The question posed in

its simplest form is under given conditions how far do pharmaco-

logical agents alter the IHPNS and what does this tell, us about the

underlying mechanisms? Given mankind's rather rudimentary

knowledge of his own central nervous system only rather crude

mechanistic models can be expected. This talk will cover three

aspects of the topic. First, tbe use of gas-mixtures to ameliorate

the HIPNS. Here there is a simple model which accomodntes the

experimental data to a good approximation, makes some interesting

predictions and leads to the conclusion that different aspects of

the HPNS are mediated by different sites. Second, the latter rather

non-specific approach can be replaced by one based on specific drugs.

Here the aim is to selectively protect against ihose aspects of the

HPUS which appeared above to have different sites of ori,:in. In

essence to perform a pharmacological dissection of the 1I'11S and to

seek rationalizing models based on such data. Thi.- is in aspect

of the subject which will be discussed by other speakers also.

Third, I want to point out none directions for further rtudy. In

the CNS classical eectrophysiological t4chniq,e' are difficullt to

apply; the physiolofgint fravitaten- to the periphery. Biochprrirnl

technique.n can thu.s fill a gap here. We have done -,ome' wor: which

demonstrates the feoaibility of doinig such stulin u ner h'!per-

bnric condit ions. The equipment we have deve'lv.epe'd :;houll "'cd"

specific neurochomical questions to bhe approached.

e
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All the work described here used mice as subjects. Experi-

mnts were car'rid out in a hperharic chambr under well

controlled physiological conditioas.

Gas mixtures were used to control. the IIPIUS in the very

earliest studies. Tie realization that helium pressure reversed

the sedative effects of the anesthctic gas in these mixtures gave

impetus to their application. Nany of the findings are well

known. We have systematically studied the effects of a number of

nsthetic gases on different phases of the 1PNS. All raise

JINS thresholds and their relative potency in doing, so is roughly

proportional to their anesthetic potency. When their ability to
raise RPTIS thresholds is compared on this basis, it is fourid that

different aspects (for example chronic vs tonic convulsions) have

their thresholds raised at different rates, suCgesting different

underlying mechanisms (Figure 1). This actually raises a dif-

ficult experimental problem. The end-points of the 11111S often

occur quite close to each other on the pressure scale. When these

end-points shift by different amounts the order they occur in nay

invert. It is often difficult to distiniguish them. Thus work

to better define end-points which occur at lower pressures is

clearly important.

It is possible to rationalize most of thcse observations using

the critical volume hypothesis. The purpose of doing so here is

to emphasize some points that are riot immediately obvious from the

experiments. Empirically we observe that helium excites while

argon is an anesthetic. Helium reverses argon anesthesia. Helium

also acts very much like hydrostatic pressure. In the critical

volume hypothesis this occurs because helium is so innoluble that

little of it dissolves at the site of action; thus its expanding

effect is small. So small in fact that the mechanic,l compression

is large and net compression occurs. Argon is more soluble and
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expansion occurs. The model equates compression with excitation

and expansion with anesthesia. By mixing gases the two effects

can be titrated ---- hence the use of trimix. But will helium

always behave like pressure ? The model predicts not and is

quite precise about when this happens. At a site where helium

is more soluble than usual and wh('re the compressiility is smaller

than usual, helium is predicted to cause expansion. When one looks

at the physical parameters of the sites we have characterized, the

occurrence of sites which helium will expand seems very probable.

There are indeed observations in the literature where heliu inter-

acts additively with nitrogen. The important conclusion is that

we have Tr2 right to expect the trimix concept to work universally

when helium is used as a pressure transmitter. Therefore for a

riven aspect of the 1PNS which is of practical concern specific

experiments should be performed to test the applicability of the

trimix concept.

In the second part of this presentation we turn to the use of

intravenous agents. We have compared intravenous anesthetics and

non-sedative anticonvulsants as well as some other agents (Rowland-

Jones, Wilson and Miller, unpublished data). The most striking

contrast is seen between phenytoin and phenobarbital which have some

structural similarities (Table 1). Our data show that all the end-

points studied (tromors, spasms, clonic and tonic convulsions and

death) have different pharmacological profiles. Furthermore,

the percontage increase in the threshold is greater for some end-

points than others.

The anesthetics urethane and phenharbital rave nxcellent

protection at high doses, in many cases diubling the threshold

pressur-n (Table 1 and Figure 1). Urethane seemed particularly

effective at prevrnting the tremors which showed an unusually low

incidence with this ngent. Phenobarbital wan exceptional against A

I..
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tonic convulsions and also raised the lethal threshold remarkably.

Pressures of 250 Atm (8,250 fsw) were reached without modifying the

compression profile (60 Atm/hr) compared to a control valbiu of

130 Atm (4,300 fsw). In these experiments, as well as with trimix,1. there is a clear tendency for the tonic convulsion threshold to be

elevated more rapidly than the lethal threshold. Consequently at

high doses death intervenes before the tonic phase occurs, nicely

illustrating that these effects have unrelated causes.

The non-sedative anti-convulsant, phenytoin, also illustrates

the latter point (Table 1). No tonic phase was observed but death

occurred at control pressures. Phenytoin was remarkahie for its

ability to potentiate tremors and spasms, an obsei.,ation confirmed

independently. It was the only agent to do so.

Other agents have been exauined (Tafle ?). The overall

picture is one in which only the anesthetic agents gave a broad

protection; other agents gave selective protection, no protection

or potentiation. The variety of responses to the non-sedative
agents is encouraging. It justifies the systematic search for

agents which may selectively protect against the early phases of

the HPNS associated with divin e .  It is difficult to draw mech-

anistic conclusions from the latter studies. One must realize

that many of the drugs effective against opilepsies, for example,

have unknown modes of action. Furthermore, one must distinguish

at least two types of anti-HPNS agent. The first acts on the

primary site of pressure excitation and the second on the neural

pathways which transmit the excitation to those areas mediating

the behavioural response. By analogy with work on epilepsies

sevral modes of action may be possible in ec,; case. Thus it is

much harder to draw conclusions about the npecific, than the non-

specific, agents. Only detailed studies ark simpler systems can

be expected to yield useful mechanistic information.



We hnve tacklnd the problem of extending llPtIS studios to tho

neurochrmical level by developing a filtration appnrntor, which will

enable many of the in vitro CNS preparations to tI,( ntudied in

hyperbaric gasn. Prese,(ntly we ire, using this to) study the

properties; of the nicotinic acetylcholine rcptor from electric

fish (a rich Source), but the technique will all-ow one, to Pore~ a

series of nc'uro-chpnicnl questions. At present we hnvc studied

the effect of helitim presrsure on the binding of ['n] -acertyl-

cholin" to its receptor. We find that the bindinr, affinity ir

decreased withouit changing7 the number of ni tc:7 or thef Cooperntivity

of binding. Volatile anresthnticp have, the opposito nffnrct on

binding. Thus the effectr- of helium an-l volaile tnicnthef-Hrn

oppose each other. Preliminary stiidi es shot that nth-r ine(rt

ga, rich as ;t,rn -inr nitrous O(Iatin the caseif divrt -ion

nn volatile anc!;Lh'ticn- Thus, while, the i-xp-riof-ntn1 prc-h'-ris

shouild not be ilndcrrestin;ited, it is qii: feasilri" io ecirry oiit

itinnti tiv- neuiro-clnni cal nxpe-rimnit!7 utrdor hyporb;ari ero1i h

0n-~ is thus i, a posi tion 1-ibere precise o sos;may 1~ -1

answred.~iuc theproblenm rmalis n ildfndbw~;v

the? in vivo nirnplsrnacology of the 1IPtIS in scarccly ah.rt?,d, the

choice of initial queostions, is difficult to define on a raitional

(401or, K.W and Wi lson, fl: The pressure rev' i:nl of n v,-kri 'ty of
anesf.hetic a!;eots0 in mice. Aniesthesiology I9(),10-1lo,

IPraiier, R.W., 11.0. VWy ,')d Pl.A. Perry. Miarnt ir "ffvrt o~f h-liirn
aind nitrog-n and hyperexcitibility phenomenora at --iriu atel
dfepths or 1500 mid 14000 feet. of sean iatoer. In: Toxicity of

Aneshetr's Editor B.IR. Fink, Wi ili;imn nnd Wilkins,
Bnltimore,, U.S.A. pp) t741-255- 1961.

Miller, K.W. , Pifton, W.D.11. nrdl ."milli, E.13.: hixp--rimnn(IT) on 1i'd
at wil tra hvi gh pren uses!-. Tro is i,,f- Jomnvies nt.'rt.iesIn
d'flyperbaric. et do Physiolog~ic Sitbauatique (1970), PP 31-5!,,
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Rowland-James P, Wilson MW, Miller KW. Pharmacological evidence for multiple sites of action
of pressure in mice. Undersea Biomed Res 1981; 8(l): I - 11.-The ability of eight diverse
pharmacological agents to ameliorate the high pressure nervous syndrome (HPNS) in mice was
studied. Data were obtained for the end points: coarse tremors, complete spasms, clonic convul-
sions, tonic convulsions, and death. The three anesthetics examined (nitrogen, urethane, and
phenobarbital) gave good protection against all end points but especially against tonic convulsions.
Furthermore, marked increases (>90 atm) were recorded in the lethal pressure in spite of a fixed
linear compression. Some detailed differences among the anesthetics were also noted. Of the
anticonvulsants, phenytoin protected against tonic convulsions but actually exacerbated some
other end points. Diazepam gave some protection against all phases except the tremors, as did
trimethadione. Tetrhydrocannabinol and chlorpromazine had little effect. The pharmacological
profiles of these end points are all different, suggesting they represent the effects of pressure at
separate and distinct sites in the central nervous system. The HPNS cannot he regarded as a single
syndrome.

high pressure nervous syndrome
anesthetics
anticonvulsants

It has long been recognized that hydraulic compression of aquatic animals leads to a general
stimulation of the central nervous system (for a review see Ref. 1). More recently it has been
recognized that in amphibians the effects of hydrostatic pressure are similar to those observed
when helium and neon are used as the compression medium (2). Mammals compressed hy-
draulically (3) show similar symptoms to those compressed in helium (4). Some of these effects
of hydrostatic pressure have also been manifest in human oxyhelium deep diving (5), and they
present a formidable obstacle to the extension of experimental dives to ever greater depths. In
mammals this hyperexcitability, which has become known as the high pressure nervous syn-
drome (HPNS), is manifest in several stages ranging from fine tremors of the extremities,
through clonic and tonic phases, to death.

The complexity of the HPNS experienced by mammals compressed in helium-oxygen has
been established in a number of ways. One method that has proved useful is the pharmacoogi-

Via Rowland-James ied in 1977.
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cal method. Thus, recently it was shown that type I (clonic) seizures in mice could be distin-

guished from type 11 (tonic) seizures by their differential sensitivity to phenytoin and reserpine

pretreatment (6). These workers could also make the same distinction based on sensitivity to

compression rate and other criteria. In an earlier paper the site of action at which inert gases

cause anesthesia was distinguished from that at which they suppress hyperbaric convulsions

(7). This conclusion was independently verified in a study on the action of barbiturates (8). In

this paper we have examined a wide range of sedative and anticonvulsant agents given acutely

to mice that were then compressed in helium-oxygen ta pressures in excess of 250 atm (8250

fsw). Five different end points associated with the HPNS were observed. The pharmacological

patterns found suggest that each phase of the HPNS is distinct from the others. Pharmacologi-

cal strategies for controlling one phase may be ineffective against a subsequent phase at higher

pressures.

METHODS

Male CD- I mice (Charles River) weighing 20-30 g were used in all experiments. Hyperbaric

experiments were performed in a 34-liter steel chamber rated to 300 atm and equipped with
two 4-in. observation ports, a temperature controller and monitor, and moisture and carbon
dioxide scrubbers. A more complete description has been given in an earlier paper (9).

Three groups of mice were exposed to pressure in each experiment. Two groups of either 5

mice (fast-compression series) or 4 mice (slow-compression series) were placed in individual
cylindrical wire mesh cages in front of each window. The third group always consisted of 2
restrained mice with thermistor probes inserted rectally. Rectal temperature was maintained
at 37C t I°C by adjusting the chamber temperature, which had a fast response time. At
pressure the chamber temperature was generally around 35°C. '4

Animals were injected with the drugs before each experiment, as reported under RE-
SULTS. In the fast-compression series, 6 mice with drug and 4 with injection vehicle were
observed in each experiment. This procedure was adopted in the slow-compression series only
for chlorpromazine, because control data were simultaneously being accumulated in a set of

experiments with helium, which also provided data for a separate series of experiments on gas

mixtures. Fewer internal controls were therefore run for these intravenous agents, but in each
experiment two different situations were present: either 4 controls and 4 drugged mice, or 4
mice with one drug and 4 with another. In this way the occasional group of mice with unusual

HPNS susceptibility was readily detected.
Mice were observed continuously by two observers, or occasionally by one observer and a

television monitor. The observer was always unaware of the treatment received by individual
animals. The occurrence of the HPNS was based on visually observed behavior. The end
points used were defined as follows: coarse tremors occurred when the fine tremoring of the
limbs observed at lower pressures became generalized over the whole body; complete spasms
were rhythmic tensing and relaxing of all muscle groups, clonic convulsions were when the

animal lost its upright posture (for convenience, this end point, which occurs only 7 atm after
the end point for complete spasms, was omitted in the fast-compression series); tonic convul-
sions involved contraction of muscles, extension of limbs, and cessation of breathing, often
followed by a period of prostration.

Linear compressions were controlled manually at a rate of either 60 or 200 atm/h and were
conducted with the use of helium. Compression was preceded by a 5-min period of oxygen

flushing, yield:-- a partial pressure of I ATA. Incoming gas was mixed with the output from
the gas scrubbing blower, and a further auxiliary fan was also employed to ensure thorough
mixing.

I ___ ____ _________ ____
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Pressure thresholds for occdirrence of HPNS were analyzed as means, plus or minus stan-
dard deviations, and tested for significance by Student's I test. In some cases pressure re-
sponse curves were analyzed by the method of Waud (10) for quantal responses. The two
methods of analysis gave similar results. The former method was adopted here, since it is
consistent with that used by previous workers (6). In addition, the number of animals respond-
ing (r) and the number observed (n) are reported, because in some cases the incidence of a
particular end point was reduced, sometimes even to zero. In these cases, the means given are
calculated from the data for r animals, and represent lower limits. In addition to the mean
threshold pressure and the actual incidence, the severity, or amplitude, of the HPNS might
also be influenced by a drug, without alteration of either of the other parameters. Such cases
are noted under RESULTS, although they necessarily involve a subjective judgment.

RESULTS

Table I shows the pooled data from many experiments carried out with helium alone. None
of the control data from individual experiments involving drugged mice differed significantly
from these means. In Tables 2 and 3 the results of various treatments are reported as changes
in pressure thresholds relative to the pooled control values in Table 1.

The errors given in Tables 2 and 3 are the standard deviations of the difference between
drugged and undrugged groups of animals calculated according to Bevington (11). The errors
in the last row of Table I were obtained similarly. A difference of <2 SD may be regarded as of
little significance. We have not given P values here because we do not wish to overemphasize
the changes in threshold as a measure of the drug effect. It is also important to take into
account changes in the percentage of incidence and severity of the symptoms.

The effect of compression rate was only highly significant for coarse tremors and death. The
absolute elevation in threshold upon decreasing compression rate 3.3-fold was only in the
range of 10- 15 atm, but in the case of tremors this is a 1.4-fold increase. Our results for
tremor are consistent with those of two recent studies (12, 13), although the magnitude of our
effect may be somewhat larger than expected from averaging over a wider range of rates. No
other workers have used complete spasms as an end point, but in a separate series of experi-
ments in another laboratory using a tenfold range of compression rates, one of us found no
consistent effect (14). Our tonic convulsion end point corresponds to the type 11 seizures of
Brauer et al. (6), who also reported little change. Because of technical limitations, few workers
have studied the fatal pressure systematically. However, our data are broadly consistent with
previous work (15).

TABLE 1
HPNS THRESHOLDS FOR COMPRESSION OF MICE IN HE-0 2

Compression Coarse Complete Clonic Tonic
Rate, Tremor, Spasm, Convulsion, Convulsion, Death,
atmn atmn atm atm atm atm

60 50 ±5.1 83 ±3,5 90 ±7.4 102 ± 8.8 129 ± 9.7
60/60 46/60 47/60 52/60 45/60

200 36 ±7.4 86 ±7.4 - 101 ± 9.0 117 ± 11.7
47/47 44147 -47/47 40/42

Difference 14±t9.0 -3±8.2 1 t±12.6 12±15.2
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TABLE 2
EFFECT OF DRUGS ON HPNS THRESHOLDS: COMPRESSION RATE 60 ATM/H

Coarse Complete Clonic Tonic Maximum
Dose, Tremor Spasm Convulsion Convulsion Death Pressure

Drug mg/ks (Survivors)
(Dose/ED) rin AP oIn AP ,in AP in AP r/n AP

Nitrogen
(0.21) 7.5 atm NIP 4/8 18±18 8/8 26±8 618 13±t22 8/8 28±12 162 (0)
10.74) 26 atm ND 7/8 28±12 8/8 39±10 S/8 67±11 8/8 45±11 185(0)
41.0) 35 atm ND 11112 35±-15 9/12 50±12 3/12 80t14 12/12 69±13216(0)
(l.2) 42 atn. ND 8/8 401±1 8/8 46±11 4/8 98±14 8/8 76±15214(0)
11.4) 49 atm ND 67 38±8 7/7 56t 11 0/7 -- 3/7 82±14 225 (4)

Urethane
(0.24) 228 11/11 20z8 3/11 168 9/11 9±13 7f12 13±14 11/11 10±20 175(01

149(0)
142 (0)

(1.55) 1500 7/11 63±26 6/11 77±12 11/11 86±15 4/11 100±16 2011 80±15213(11
205(0)
225 (0)

Phenobarbital
(0.19) 21 12/12 24:t±7 12/12 21±7 12/12 28±15 7/12 21±17 12/12 23±18 191(0)

154(0)
160(0)

(2.42) 160 1012 34±9 12/12 29±16 12/12 59±15 0/12 -- 4/12 82±22 213 (3)
226 (2)
251(3)

Phenytoin
47 12/12 -31=8 11/12 -25±17 21212 -5=12 0/12 -- 12/12 -6±18 13510)

140(0)
147(0)

Trimethadione 630 12V12 1210 8/12 6±9 9/12 11±12 9/12 4±10 12/12 1±20 128(0)
145 (0)
173 (0)

Chlorpromazine
15 3/4 -25 5/5 11±5 ND 10/12 2±14 7/11 -10±21 139(3)

134 (2)
30 5/5 -25 10/21 I213 ND 10/13 5±15 10/10 -15±13 127(0)
60 515 -5±221 9/10 2±14 ND 6/11 11±19 11/11 -17±18 137(0)

*ND, not determined. EDU. dose that anesthetizes 50% of mice at I atm (9). r. Number of
animals responding; n. total number of animals. AP, change in HPNS threshold, in atm.

All animals exposed to helium exhibited tremors. 94% and 77% exhibited complete spasms
at the fast and slow rates, respectivelv; 78% had clonic convulsions ouring the slow compres-
sion. and 100% and 87% had tonic convulsions. Part of the failure to observe end points in all
animals may arise from the overlapping of phases of the HPNS; e.g., complete spasms, clonic
convulsions, and tonic convulsions all occur within a range of some 20 atm. Consistent with
this notion, tremors, which are well separated from other end points, were always observed.
The incidence of death is less than 100%, because in some experiments insufficient pressure
was available in the helium accumulators to maintain a linear compression rate, and these
experiments were terminated at this point. The means reported are for the animals that died
and do not ini .'de the survivors. Where there were survivors in more than one experiment,
each maximum s given with the number of survivors in parentheses in Tables 2 and 3. Where
there were no survivors, the maximum pressure was that at which the final mouse died.

.. .... ,
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TABLE 3
EFFECTS OF DRUGS ON HPNS THRESHOLDS: CoMpitEssIoN RATE 200 ATM/H

Coarse Complete Tonic
Dose. Tremor Spasms Convulsions Death Maximum
mg/ks Pressure,

Drug din AP  r/n AP dn ? I/n AP atm

Diazepam 2.5 6/6 6±-8 6/6 11±10 6/6 12±12 5/6 18±13 1356
5 6/6 2±8 6/6 14±9 6/6 16±11 6/6 22±18 156

10 12/12 3±8 12/12 15±11 12/12 22±13 10/12 26±15 163
20 6/6 5±10 6/6 23±8 6/6 26± 14 4/6 45±15 175

Trimethadione 680 12/12 0±12 12/12 20±12 11/12 31±22 9/12 40±14 173

Tetrahydro- 60 8/8 0±10 8/8 5±19 8/8 3±13 3/3 -9±t20 123
cannabinol 120 10/12 23±14 9/12 -4±13 11/12 5±13 11/12 -10±17 130

r, Number of animals responding; n, total number of animals. AP, change in HPNS threshold, in
atm.

The effects of two long-acting general anesthetics, phenobarbital and urethane, were studied
first in paired experiments at the slow-compression rate. The doses used may be compared to
the ED5o doses for anesthesia, which are 113 and 970 mg/kg i.p. and rise linearly at the rate of
1.54 and 1.68 times per 100 atm, respectively (9). At the highest dose tested, phenobarbital and
urethane gave good protection against all phases of the HPNS.

Urethane was injected about one hour before compression; an anesthetic dose gives a sleep
time of about 4 h (9). Thus, above 180 atm one might expect its effects to be weakening. At the
lowest dose, about one-fourth the anesthetic dose, urethane raised the tremor and spasm
pressures by 40 and 19 atm, respectively, without causing marked changes in the other end
points. At the highest dose the mean tremor threshold was 113 atm, but nearly half the group
failed to exhibit tremors, and in those that did, the tremors disappeared after 10 min. They
were then symptom-free until 6 of the I I mice exhibited violent spasms at 160 atm, followed
rapidly by clonic convulsions, tonic convulsions, and death at 209 atm. Thus, on the average,
this dose doubled all the onset pressures except death, and the ability to reduce the severity of
tremoring was exceptional.

Phenobarbital was injected s.c. some 3 h before compression to allow time for maximum
protection to develop at our low, anticonvulsant dose (16). Anesthetic doses provide sleep
times of more than 8 h (9). At the anticonvulsant dose, phenobarbital gave very similar results
to urethane, but it tended to do better at postponing the later phases of the HPNS. At the high

dose, phenobarbital attenuated the symptoms of the HPNS, but the incidence of tremors,
spasms, and clonic convulsions remained high, and their threshold pressures were not ire-

t- proved by the increase in dose as much as with urethane. On the other hand, the tonic phase
was completely suppressed and the lethal pressure raised markedly, only 4 out of 12 animals
dying. In one experiment where the compression rate was maintained up to 251 atm, only one
mouse died (at 232 atm).

Experiments with nitrogen could not be randomized satisfactorily. One experiment was
performed at each partial pressure, except for 35 atm, where two experiments were per-
formed. The nitrogen was added at the beginning of the compression, and compression con-
tinued with helium. Nitrogen itself caused fasciculation, and therefore no attempt was made to
record tremors. Nitrogen gave dose-dependent protection against all the recorded phases of
the HPNS (Fig. I), but it was not as effective against complete spasms and tonic convulsions

in low doses as wee urethane and plenobarbital.
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Fig. The change in mean pressure in mice for first observation of complete spasms (cirles), tonic
convulsions (triangles). and death (squares), as a function of fraction of an anesthetic dose at I atm (9).
Open symlos, helium and helium + nitrogen; ckod symboh, urethane; half-c/oWd symbol, phenobarbi- A
tal. Data from Tables I and 2. Compression rate 60 atm/h. Oxygen partial pressure. I ATA. Rectal
temperature, 3?C ± 1 *C. The lines are least squares fits cf nitrogen data constrained to pass through the
helium controls, and the points were weighted by the number of animals responding. In some groups not
all animals responded (See Tables).

Two nonanesthetic anticonvulsants were studied in paired experiments at their anticonvul-
sant doses. Both agents were injected subcutaneously (16). The duration of action of pheny-
toin was tested by challenge with 75 mg/kg intravenous pentylenetetrazole at 1.5, 3, and 4 h.
All animals were protected against the tonic, but not the clonic, phase of the pentylene-
tetrazole seizure. Phenytoin dramatically potentiated the tremor and spasm phases of the
HPNS, affecting both the severity and threshold pressure. It was ineffective against clonic
convulsions (compare pentylenetetrazole) and death but abolished the tonic phase completely.
Since the control tonic convulsion threshold is only 21 atm below the fatal pressure, this result
may not be so dramatic as it appears. At subanesthetic doses, however, none of the other
agents examined were even this effective, so that phenytoin's effect on the tonic convulsions
must be regarded as exceptional, even if its magnitude remains uncertain. This potentiation of
the early phase ofthe HPNS in mice is broadly consistent with the results of Braer et al. (16),
who used a dose of 60 mg/kg i.p. Phenytoin is also ineffective against hyperbaric convulsions
in rats and gu,...a pigs (17).

Trimethadione gave only slight protection against any phase of the HPNS on slow compres-
sion but was more effective on rapid compression. At a lower dose (250 melkg i.p.) Brauer et

• --m i ._ n
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al. (6) reported a slowly developing protection against type I seizures, raising the threshold 20
atm. and a more rapidly occurring protection (25 atm) against type II seizures that declined
with time. This difference from our slow-compression results is probably due to phar-
macokinetics, because in our fast-compression series, where only 15-25 min elapsed from
injection to start of compression, trimethadione gave good protection against all phases of the
HPNS except tremor. Brain levels in mice are high for at least 30 min and fall by 40% at 1.5-2
h and by 60% at 3 h (18). Thus, our fast-compression data are almost certainly more represen-
tative of trimethadione's effect than are our slow-compression data.

Chlorpromazine was given intraperitoneally in aqueous solution or 9% sodium chloride. It
made the animals lethargic and somewhat jumpy. These experiments were performed with the
same protocol as the fast-compression series, except that compression was at 60 atm/h. In
each experiment there were 10 mice; 2 controls with vehicles only, and 2 or 3 mice at each of
the three doses. The jumpiness of the animals made the threshold of the coarse tremor difficult
to define, and in some experiments no attempt was made to do so. The population thus
appears lower in Table 2. In one experiment, compression was stopped before death occurred
to check that chlorpromazine was still active as judged by the lethargy of the animals. Conse-
quently, the population exposed to tonic convulsions appears greater than that exposed to
death (Table 2). Pressure did not appear to alter the normally long half-life of chlorpromazine
and its lack of consictent effect on the HPNS threshold, even at high doses, is thus real. It did,
however, tend to lower the fatal pressure, and at the highest dose 5 mice died before reaching
the pressure for tonic convulsion.

Diazepam was injected intravenously using an oil-lipid dispersion as vehicle (19). Controls
(n = 20) injected with the vehicle did not differ from the pooled controls. No effect of
diazepam on the tremor phase was seen, but the other three end points examined were all
raised in a dose-dependent fashion without reducing incidence. Jeppsson and Ljunberg (19)
found that at our lowest dose at least 50% of the mice were protected from electroshock
between 12 and 58 min. At 10 mg/kg full protection was found for 45 min and 90% protection at
I h. Our mean time from injection to start of compression was 20 min, so that spasms occurred
at 50 min and death at 60 min post injection. Thus, only at our lower doses would one expect
pharmacokinetics to reduce the effectiveness of the drugs.

Tetrahydrocannabinol was injected in propylene glycol-[% Tween in normal saline (1:9)
after the method of Sofia et a. (20). These workers reported an EDo against supramaximal
electroshock seizures to be 44 mg/kg, while 120 mg/kg failed to protect against pentylene-
tetrazole-induced seizures. Protection was provided at I h after injection but had disappeared
at 2 h. No marked effect on HPNS thresholds was seen except for tremors at high doses, when
the animals were stuporous.

DISCUSSION

The extensive results of this work are summarized in simplified form in Table 4 in order that
the patterns of pharmacological action upon the HPNS may more readily be discerned.
Oar results enable the pharmacological dissection of the HPNS mentioned at the beginning

of this paper to be taken a stage further. The high working pressure of our chamber has
enabled us in addition to pharmacologically characterize the lethal threshold for the first time.
Prior to this study, two conclusions were established in the literature. First, the site of general
anesthetic action is distinct from that for clonic convulsions (7, 8), and second, the tonic and
clonic phases are separable (6). Regarding the first point, in our present study only four agents
have been tested against clonic convulsions. All the anesthetics except the low dose of
urethane gave good protection, and the nonanesthetics gave no (phenytoin) or slight

J
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TABLE 4
SUMMARY OF EFFECTS OF DRUGS ON THE HPNS

Drug Dose, Compression Coarse Complete Clonic Tonic
(Dose/EDII mg/kg Rate Tremors Spasm Convulsions Convulsionss Death

Nitrogen
(0.21) 7.5Satm Sa ND 0 b 0 +
(1.4) 49 atm S ND + ++d + s+ ++4

Urethane
(0.24) 228 S + 0 0 0 0
(1.55) 1500 S ++ ++ +4+ ... ...

Phienobarbital
(0.19) 21 S + + + +o +
(1.42) 160 S + + ++ ... .+.+

Phenaytoin
47 5 - - 0 +?4+ 0

Chiorpromazine
15-60 5 0 0 0 0 0

Trimethadione
630 5 0 0 0 0 0
680 F 0 ND + +4

Diazepamn
2.5 0 0 ND 0 0

20 0 + ND + + +

Tetiuhydrocannabinol 10+ 0 N

Changes in threshold pressure, atm. as siaw compression. 60  nonte. + -+20-

40. d++ = +40-80. :++--SQ. - -20-40. 5+?+, See text. hF -fas com
pression.

(trnmethadione) protection. Thus, these data do not distinguish strongly between anesthetic
and anticlonic convulsive activity, although they are not consistent with previous conclusions.
Our data do, however, confirm the distinction between clonic: and tonic anticonvulsive activity
(see below).

Thus our results are either consistent with or substantiate previous work. Below we system-
atically extend the pharmacological analysis to several other end poiats. considering first the
relation of the highest pressure symptoms to each of the others.

Although the anesthetics studied here gave good protection against death (Fig. 1), we have
previously shown (9) anesthetic doses of a chloralose to provide no protection. In addition.

the nowanesthetic trimethadione aiso gave fair protection. Thus, there is no unequivocal
relation between anesthetic activity and ability to raise lethal pressure. The tonic ;ihase.
however, is protected better by a given dose of anesthetic than is the fatal phase. igure I
illustrates this point. The threshold pressures for death and tonic convulsions converge at 235
atm at 1.6 times the I-atm anesthetic dose. Since tonic convulsions cannot be recorded after
death, their percentage incidence also declines in a dose-dependent manner. The tonic convul-
sion line can orely be fitted for the animals responding, and its slwu, is therefore only a lower
estimate. Nonetheless, it is significantly steeper than that for death (P <0.001I). Furthermore,
phenytoin prx-rited all tonic convulsions without altering the fatal threshold. Thus, the
pharmacological distinction between the tonic and fatal ohms of the HPNS is clearly estab-
lished. Our data do not allow such a clear distinction to be made between activity against
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clonic convulsions and death, but the dose dependence of nitrogen's protection against death
is steeper than that for clonic convulsions (P<0.001) (Fig. I and Table 2). The small but
consistent depression by chiorpromazine and the lack of effect of phenytoin on the lethal
pressure both contrast with their action against complete spasms, as do the magnitude of the
relative protective effects of phenobarbital and nitrogen. The tremor and lethal phases are
distinguished by the actions of phenytoin and tetrahydrocannabinol. Thus, pharmacological
profiles distinguish between hyperbaric death and all other phases of HPNS except for the
clonic phase where only the dose dependency of protection differs.

In other investigations (6) the tonic phase has been distinguished from the clonic phase by a
number of criteria. We found that phenytoin distinguished the tonic phase clearly from all
other phaes of the HPNS studied. In addition, the anesthetics were quantitatively more
effective in protecting against the tonic than against either the complete spasm or clonic
convulsioc, phases (P<O.Ol in each case). (Compare slopes in Fig. I

Phenytoin is the only agent that distinguishes the conk- phase from the spasm -hase. This
distinction is somewhat surprising, since to the observer the clonic convulsion appe. rs as a
continuation or culmination of the spasm phase. Phenytoin also distinguishes between the
clonic phase and coarse tremors.

The complete spasm phase is distinguished from coarse tremors by diazepam, trimethadione,
and tetrahydrocannabinol.

Thus, the pharmacological profiles presented both here and previously in this paper seem to
suggest that each of the five phases of the HPNS observed are separable and distinct, with the
possible exception of clonic convulsions and death. However, the significance of the above
pharmacological dissection of the HPNS must be approached cautiously. A number of steps
are undoubtedly involved in producing seizures. It is not possible at present to define these in
any detail, but in general, two events can usefully be distinguished: the generation of a central
focus of excitation, and the spread of this focus into other areas. Each of these events may be
susceptible to pharmacological intervention at several levels (21). This uncertainty in the locus
of action of the agents effective against the HPNS makes it difficult to draw mechanistic
conclusions of a unitary nature. In general, the most lipid soluble drugs, the anesthetics, tend
to do well against all phases of the HPNS. This suggests that these nonspecific agents can act
at several sites, whereas the more specific agents probably act at fewer sites and are therefore
capable of giving more precise but limited mechanistic information. Thus, the ineffectiveness
of the tranquilizer chlorpromazine is noteworthy, since this agent blocks dopamine-semitive
cyclase in the brain (22), giving rise to Parkinson-like effects. Pressure also depresses
dopamine-sensitive cyclase. This depression is opposed by anesthetics, and a relationship
with the HPNS has been discussed (23). Our results suggest the situation is more complex.
Diazepam is known to bind a receptor in brain tissue, and the affinity of a series of ben-

zodiazaphies for this receptor correlate with their ability to antagonize pentylenetetrazole, but
not convulsions induced by electric shock in mice (24). A recent report (25) showing that
diazepam and phenytoin occupy the same receptor and that their affinities for it are modulated
by -,-aminobutyric acid suggests the involvement of this axis in the tonic convulsions, since
this is the only aspect of the HPNS that is alleviated by both agents. Furthermore, phenytoin
protects only against the tonic phase of the pentylenetetrazole test and may even exacerbate
the clonic phase (26). These examples suggest how the use of selective agents may provide
further pharmacological insights into the HPNS.

From a practical point of view, the heterogeneity in the response of the different HPNS end
points to the agents we have examined suggest two different pharmacological strategies for
controlling the HPNS. The first is to use relatively nonspecific agents that depress all phases
of excitability; the use of gas mixtures falls within this classifation, for example. The second

* 1iuefsClsi'Aton x'l
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is to seek drugs that are relatively selective for a given end point; such drugs might be
extremely selective, as is phenytoin for tonic convulsions, or they might have a general
efficacy combined with selective action against one phase. Urethane appears to be an example
of the latter type; it protects against all phases but is relatively more potent against tremors
than would be expected for a nonselective agent. Thus, the overall trend emphasized in Fig. 1
for the nonspecific agents should not obscure the fact that there may be significant differences
between them that may useflly be exploited. This point has also been noted by other workers

(27). The cellular basis for the observations is not clear, but since chemical anesthetics differ

widely in their side effects, such differences, while remaining impossible to predict, should not *
be surprising.

Finally, our data on pressure-induced death represent the largest single systematic set of
results for mice obtained under well-controlled conditions to date. They illustrate that phar-
macological means alone can provide excellent protection. When the highest pressures
achieved by the survivors are included, the mean lethal threshold is seen to be greater than
220, 209, and 224 atm for the highest doses of nitrogen, urethane, and phenobarbital, respec-
tively. Thus, more than 90 atm of protection (69%) is provided without recourse to special
compression rates (15, 28). Furthermore, the effect of 49 atm of nitrogen in the breathing
mixture does not appear to influence the lethal pressure, since nitrogen protects against death
equally as well as phenobarbital does at an equivalent anesthetic dose. Gas density thus
appears not to be an important contributor to the lethal pressure in mice.

Trhis work was supported jointly by the Office of Naval Research and the Naval Medical Research and Development
Command through Office of Naval Research Contract NOO0l4-75-C40727. K.W.M. is a Research Career Development
Awardee of the National Institute of General Medical Sciences (GM 00199). Reprint requests should be sent to Keith W.
Miler.-Unarcpt ecivedfor palkatio April 1980; revision received Augst 1980.

Rowland-James P. Wilson MW, Miller KW. Preuve pharmacologique des sites multiples dimon-
trant I'action de pression star lea souris. Undersea Biomed Rea 19861; 8(1):1 -11. -Les capacit6s de
kimt agents pharmacologaques divers pour amiliorer le syndrome nerveux a haute preasios (SNHP)
star les souria ont 6t6 6tudides. Des donn6es ont 61:6 obtenues pour lea extrdmit6s: tr6mulations
ases, spasmes complets, convulsions cloniques, convulsions toniqucs, et mort. Les trois as~s-

th6tiques observ~s (nitrogine, ur~thane, et ph~nobarbitol) fournissient une bonne protection con-
Ire toutes lea extr~mit~s, mais surtout contre lea convulsions toniques. De plus, des accroisacmcnts
marqu~s (>90 atm) ont Wt not~s dana [a pression mottelle malssE mane compression lin~aise fixe.
Quclquca diffrences ditaill~es parmi lea an~sth~tiques ont assi 61:6 nothcs. Le phenytoin prot~ge
contre lea convulsions toniques, usa par cosne agravait d'autres extrdths. Le diazepam four-
niasai mane protection ad~quate contre tontea lea phases, sauf lea trdmulationa, sinai que le
tim~tiadione. Le thtrahydrocannabinol et le chiorpromnazine ont eu pen d'eft. Lea promls phar-
macologiques de ces extr~nait~s ditlhremst tons, ce qui sugubre qsi'ils repr~sentent lea cfhts de Is
pression en des sites diadact et aperda dma aystbme cental merveux. Le SNHP ne pent atre
considirE comme tan syndrome unique.

syndrome nerveux i hamat pression
anistlktimea
anticonvulsants
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Recently (Franks, N.P. and Lieb, W.R. (1978) Nature 274, 339-342) it has been claimed that the traditional cor-
relation between anesthetic potency a. ,l vegetable oil solubility breaks down when the alkanols are compared to
other volatile anesthetics. Lately, however, new information on the partitioning of anesthetics into lipid bilayers
has become available. In this report the potency of twenty-one structurally diverse anesthetic agents is shown to
correlate well with their ability to partition into phosphatidylcholine bilayers. Thus the original Meyer-Overton
oil solubility hypothesis accomodates a wider range of anesthetics, including alkanols, volatile and gaseous agents,
and barbiturates, when lipid bilayer solubility is substituted for oil solubility.

membrane. On the other hand we note that the polar
At the turn of the century Meyer and Overton, head group of the phosphatidylcholine molecule

simultaneously but independently noted a correlation represents about 40% of its mass, so that it is not self-
between anesthetic potency and olive oil solubility evident that the correlation with octanol solubility
[1 2]. This correlation has stood the test of time and points uniquely to a protein as the site of action of
accurately predicts the potencies of gaseous and vola- anesthesia.
tile anesthetics differing in potency by up to four The most direct way of resolving the problem of
orders of magnitude [3,4]. Meyer [5] assumed explic- interpreting the octanol correlation would be to mea-
itly that olive oil was a model for the solubility prop- sure the solubility of anesthetics in models that are of
erties of cellular lipids. However. later workers have greater physiological relevance. The work of Seeman
not ruled out the possibility that the hydrophobic and co-workers [8] established a good correlation
site modeled by olive oil is actually a suitable region between the concentration at which many agents
in some protein. Recently theoretical arguments have block nerves and their red cell/buffer partition coeffi-
been advanced which suggest that the anesthetic site cients, but since the red cell contains roughly equal
might have substantial hydrophilic character [6]. quantities of lipid and protein by weight these data
Another study showed that the n-alkanols deviated do not resolve the issue at hand. A better test would
systematically from other agents in the olive oil corre- be provided by comparing general anesthetic potency
lation but fitted a correlation using the octanol parti- with the partitioning behaviour of anesthetics into
tion coefficient [7]. This study concluded that purely lipid bilayers. Such a test has only been
because of the polarity of octanol the physiological performed with gaseous and volatile anesthetics
site of action of general anesthetics probably involves (9] but not with the critical alkanols. However suffi-
protein rather than the lipid region of some excitable cient data have now accumulated from the efforts of
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several groups to enable a much wider comparison to thetic-protein interactions might be expected to
be made. exhibit greater structural selectivity than anesthetic-

Partition coefficients for twenty one anesthetics in lipid interactions. Thus examples of distinct struc-
phosphatidylcholine bilayers are available in the liter- tural requirements for anesthetic potency would pro-
ature. No other membrane has been examined in such vide a further test of theories of anesthesia.
detail. Although the phosphatidylcholine used by dif- The only case of apparent structural specificity for
ferent workers varies with respect to the degree of which the appropriate data is available at present is in
saturation of the acyl chains (see legend to Fig. 1), fact consistent with the lipid hypothesis [13]. This is
this is known to have little effect on the partition the case of the so called cut-off in potency in the
coefficient [10,11]. Fig. I shows the correlation alkanols (for a review see Ref. 12). As one ascends
between the partitioning into phosphatidylcholine this series potency increases steadily until dodecanol,
bilayers and anesthetic potency for twenty one but tridecanol is only a partial anesthetic and tetra-
agents, including alcohols, fluorocarbons, halocar- decanol and higher homologues exhibit no potency at
bons, barbiturates, an inert gas and a ketone. Al- all. Thus although it has been suggested that alkanols
though the data are of heterogenous origin a remark- can specifically interact with the lipid bilayer [141
edly good correlation is obtained covering four orders the sharp cut-off in potency turns out to be caused
of magnitude in dose for this widely diverse group of simply by a decrease in the membrane partition coef-
compounds. The line in Fig. I was fitted by the ficient [13.15]. Fig. 2 shows that for the lower alco-
method of least squares which yielded a correlation hols the maximum achievable concentrations in mem-
coefficient, r, of -0.965 and a slope of -1.15 t branes (i.e. the product of saturated aqueous solubil-
0.072 (S.D.). This slope is not significantly different ity and membrane buffer partition coefficient) is two
from -I (P>0.05) as is required by the theory. In orders of magnitude higher than that required to
contrast to the situation in olive oil [7], the alcohols achieve anesthesia. This margin decreases slowly to
(open circles) do not systematically deviate from this decanol, after which successive additions of methyl-
excellent correlation. In this respect the phospha- ene groups cause a precipitious fall. By tetradecanol
tidylcholine solubility correlation is more successful the maximum achievable concentration has become
than the traditional oil solubility correlation, an order of magnitude lower than that required to

For membranes of other compositions there is less cause anesthesia. Thus the loss of anesthetic potency
extensive partition coefficient data, but that available that occurs in the higher members of the series is
for thirteen agents covering three orders of magnitude accurately predicted by the membrane aqueous phase
in potency in phosphatidylcholine/cholesterol (2 : 1) partition coefficient. The presence or absence of pro-
bilayers and for thirteen agents covering three orders tein apparently does not affect such predictions to a
of magnitude in potency in the red cell membrane are first approximation since they are valid both for bio-
to a first approximation consistent with our findings membranes and lipid bilayers. Once again we cannot
in phosphatidyicholine bilayers (see legend to Fig. 1 rule out that a similar correlation might be seen with
for details). Thus the presence or absence of choles- some protein-alcohol interactions, but Figs. 1 and 2
terol and/or protein apparently does not affect the taken together clearly restrict this probability.
correlation. Whether limitations in membrane solubility can

Although the correlation with lipid solubility in also explain the cut-off in potency seen in the normal
Fig. 1 is most persuasive, it still does not allow one to hydrocarbons cannot be assessed at present for lack
rule out the possibility that anesthesia may result of appropriate partition coefficient data but such an
from specific protein-anesthetic interactions. This explanation appears likely [16].
model would be satisfied for instance if the appropri- The limited solubility of the longer chain alcohols
ate lipid/protein partition coefficient were approx- calls into question many earlier spectroscopic studies
imately one for all agents examined. While a direct which now appear to have been carried out under
approach to this problem is difficult because the supersaturated conditions (13,17].
exact site or sites of g ieral anesthetic action remain In conclusion, it should be evident that while the
undefined (for reviews see Refs. 4, 8 and 12), anes- extension of the olive oil solubility correlation to
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Fig. 2. The cut-off in potency for long chain alcohols is
Log (lipid/oqueous phose partition coefficient) accounted for by membrane solubility. The partition coeffi-

Fig. 1. For twenty one diverse agents there is a correlation cient for hexadecanoI was determined after the method of

between partitioning into phosphatidylchoLine bilayers and Heap et al. 131). The saturated aqueous concentration of

the equilibrium anesthetic concentration (EDs 0 ) in water nonanol is from Kinoshita et al. [321. Sources for the rest of

bathing aquatic animals. The partition coefficient is defined the data are given in Pringle [t l. I 13 1. Symbols refer to dif-

as the equilibrium solute concentration per unit volume in ferent membranes. Triangles are phosphatidylcholine, dia-

the lipid phase divided by the equilibrium solute concentra- mond is egg phosphatidylcholine/cholesterol (2 : 1), circles

tion in the aqueous phase. Symbols denote different animals; are red cells and squares are intestinal brush border mem-branes. Open symbols are maximum alcohol concentration
circles are tadpoles, squares are newts and triangles are frogs, in m en symbols re to nethtic
all at room temperature. The alcohols are in open symbols, in membrane at saturation; filled symbols refer to anesthetic

all t rom empratue. he lcoolsare n oen ymbls, concentrations. Over the range of aqueous concentrations
the rest are filed. The anesthetic data are from Pringle et al.

[13! (compounds 2-4. 6 and 8); Meyer and Hemmi [18] used, deviations from Henry's law are assumed to be minimal.

(compounds 5, 7 and 91. Kita et al. (191 (compounds 1, 10
and 11); Miller and Ambalavanar (unpublished) (compounds
12 and 13); Lee-son et al. [201 (compounds 14-16); Meyer
[211 (compound 17); Smith [221 (compounds 18-21). Par-
tition coefficient data in dimyristoyl phosphatidylcholine: halothane; 11, methoxyflurane; 12, isoflurane; 13, fluroxene;
Katz and Diamond [231 (compounds 1-4 and 17). Partition 14, pentobarbital; 15, phenobarbital; 16, thiopental: 17, ace-
coefficient data in egg phosphatidylcholine: lain [241 (com- tone; 18, cyclopropane; 19, xenon; 20, carbon tetrafluoride;
pounds 5-9); Colley and Metcalfe [251 (compound 1); Miller 21, sulfur hexafluoride. Addition of 33 mol% cholesterol to
and Yu (261 (compound 14); Pang et al. (27! (compound the phosphatidylcholine bilayers did not change this correla-
15); Korten et al. [28] (compound 16). Partition coefficient tion for those compounds for which data was available (coin-
data in egg phosphatidylcholine: 4% phosphatidic acid: pounds 1; 10-16; 18-21 and urethane). Anesthetic and
Smith et al. [91 (compounds 10-13 and 19-21); Miller et al. phosphatidylcholine : cholesterol/aqueous phase partition
[101 (compound 18). Where tested dimyristoyl phosphatidyl- coefficient data for urethane are available from Meyer [5
choline, egg phosphatidylcholine and egg phosphatdylcho- and Pang et al. [27!, respectively.
line: 4% phosphatidic acid bilayers have almost identical par- The correlation was also not changed when partitioning
tition coefficients at room temperature [10,11,261. Partition into red cells was considered. Partition coefficient data: for
coefficients for the barbiturates were corrected in order to compounds 1, 5-9 from Seeman (81; for compound 10,
correspond to the pH (7.4) at which the anesthetic determi- Smith et al. [91; for compound 14, 15, and 16, Korten at al.
nations were made. Anesthetics are referred to as follows: 1, (28,291; for compound 21, Power and Stegall (301. Anes
benzyl alcohol; 2, ethanol; 3, propanol; 4, butanol; 5, pen- thetic and partition coefficient data for nitrogen is available

tanol; 6, hexanol; 7, heptanol; 8, octanol; 9, iionanol; 10, from Smith [271 and Stegall (301, respectively.
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phospholipid bilayers provided here does not allow 11 Simon, S.A., Mcintosh, T.J., Bennett, P.B. and Shrivas-
additional mechanistic insights, if Myer had been tav, B.B. (1979) Mol. Pharmacol. 16, 163-170
armed with this data many subsequent ambiguities in 12 Janoff. A.S. and Miller, K.W. (1981) in Biological Mem.

interpretation might have been avoided. Although the branes (Chapman, D., ed.), vol. 4, Academic Press, Lon-
don, in the press

data presented here are consistent with the lipid hy- 13 Pringle, MJ., Brown, K.B. and Miller, K.W. (1981) Mol.
pothesis it remains possible that other models, as yet Pharmacol. 19.49-55
untested, might do as well. 14 Jain. M.K., Gleason, J., Upreti. A. and Upreti, G.C.
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nIE EFFiECTS OIII Pih 1RESSU1RES OF INERT
G;ASES ON ulOL INEIRGIC ItiCEPTOR BINI)IN(;
AND) FUNCTION

J. F. Sauser, L Braswell. 1'. Wankowicz, andi~ K. W. Mtiller

The ability of piessuie it) excite aninials has been kntoi for about a
hundred ycars (1 ). N ,rrcificless. litile delailceI pro gress has beeni miade towatis
understanding the Linderl~inv events. Recently a number tit workers have be-
gun to explore tife edccli ophysiological changes which occur when pressure is
raised. (These studies have been reviewed recently 1by Wann and NMacdonald
1 21.) In addition ito these pioneering studies, neurocitemical data will he re-
quired if a complete description is to be arrived at. Stich studies can dilectly
bflswer questions such as. Whatt is (he effect of pressure on neut otransinit ter
release and binding, onf cyclase atctivation, and so onf?

One advantage of such studies would be that they can be readily applied
it) the central nervous system Of unimnals. Because many of the manifestai ions
of pressure excitability are thought to be central in origin, and because electro-
physiological studies in the brain are difficult, one would expect a neurochenti-
cal approach to be particularly fruitful. Nonetheless, kew such studies have
been undertaken (3) and little h:;s been done towards developing techniques. In
this paper we examine (lhe effects of' pressure onf I'll acetylcltoline bindinig to
thie acetylcholine receptor using apparatus we have developed for performing
filtration assays. Although we have applied this technique here to a peripheral

* synapse (to be descrihed). with minor adaptions it could be used to study a
wide variety of central receptors.

For these studies we chose the nicotinic cholinergic receptors that can be
isolated from the ecfeiplaique of certain electric fish. Thbis synaptic membhrane
can be obtained tin high yield and specitic activity and offers, the best model
for studies on f he postsynaptic mechanisms of action of'pressure. Furthermore,
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bcause electric tissue was developed from i nwile cells. Plus synapse has
nmn of the characteristics ot the tw111oiii m. s1I n1 Pilit'in lhu (fhe rivit
powerful clectrophysiological anid hiochemiwal techniques can both be brought
to bear on thc prolmcr.

Tlhe effects of pre%-tirc on thc neuromuscular junction have been studied.
(7ampienot (7) found that end-plate potentials in lobs;ter anid crab neuromuscular
junction were depressed by hydrostatic 1pes-,Ire (2(g) atni). In the crab this ef-
fect was overcom~e when higher stiuluation ti equcuicies were employed. Ken-
dig and Cohen 1/;) showed that 11~7 atmn it' helium had no et fcct oni the indi-
rectly elicited ceutromyogram ([-"M(; (if rat diaphragin unless the calcium
conentration in the bath was lowered. Thev too believed pressure %as exert-
ing a presynaptic effect. NMore recently Wann et al. P5) have made more de-
tailed studies of the frog neuromuscular junction. J [hev found that hydrostatic
pressure caused a marked reduction in miniaiture end-plate current PN1IVP) Ire-
tpiency ait 1 02 atm; a finding that indicate,, a reduction int tramnitter release.
At higher pressures the decay phase of the NIV ' C %aw lengthened from a
control value of 1 .5 im to a value (if 2.1 ins at 1 53 atm. 'Iheir resujlts sug-
gested that the rate process governing decay has in activation volume of 56
mL mat

Preparation or Acelyllcholine Receptor-Rich Membrtanes

The niethod outlined here was adapted tronm (oi acn e al (7) trielly . I(NW)
g (if Iresh skinned electric tissue, dissected tram a chilled ioq'cdo ((1l110 111(0l
imumediately tupon receipt. is iincetd and adlded to NOX ml. (iof cold a, ide:
Water. hogenized oin a Werik a1pp1aatus at (till lived for 3 inim. briefly soni-
cated and centrifuged at 5.tNXt) xg or It0 min, 'I hie supernatant is fillteed and
centrifuged at 15A0X) xg for 90 mimi. [his pellet is resuispended in disilled
water and centrifuged throuigh a I.0 filNi sucrose cus~hion at WO~tN) xg far 90
niin: this step removes mutch acetylcholinesterase. 'Ihe solt pellets are resus-
pended in water and the hard pellet discarded. The resuspended pellet is placed
On a suti%'se gradient, consisting oif equal volumes- of 1.5. 1 .4. I1.3. 1 .2.
V V. and G,.8 M sucrosec and centriltuged ait MtPOMX xg for 41% h. JFractias Mf
1 11il are (tact ions colitlected I1-n) m he holit. u and wa~ed tar acet v~chotfinc
revveptors f AchR) using a tritiated snake toxin (a kind gilt to us front 1.11.
Cohien). acet vlcholinesterase (AchE). protein, and micim e

[Ihe sucrose gradient profile from an experimmcnt is shown in) Fig. I . '11he
specilic activity in the pooled recepto; peak is usually ' v 1 1 imol Achift pro-
tein. Receptor is stamed it 4' a% collected I om ciil uow it ik used within 3
weeks. but activity is usually presetit eseni atter several months. The mcm-
branes may also he frozen and later thawed on ice as reqiriied.
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Distribtinof 13 H] a-To.r,Acetlylchotinesterose and Protemnmia Sucrose Gradient
aftlet Ullfrocenrmif uqaion of a Homnogenate of Fresh Torpedo Catitornica Electric Organ

E 500 ,A a4@l500-
E 0 /Ah

-0,400 20M

30- 300 Sucose300~ E 15MU

20 - '- 200 -200~ tjIOM 1

10 4 0 tooPm -100 -bs45oOM

0 0 -i--- 0 0

Volue Collected. I ml Fractions
F~ig I Proftile of 4 sucrose dcn'iaty gradient us.ed in the final %tep of the i-ulation ot iacetykholine recep-

tor rkh nienirhrnes fromu Im~pid S.. ah/i iar . ' t he (1 foxin niarks the p ~mtuof of the rec eptor .:rtdining

Binding of I 'if I-Acetylcholine to Membranes

The equilibriumi binding of' I 'H-aetylcholine (Anhershani-Searle, Arling-
ton theights, UL.) ito receptor containting miembranes was determlined by filter
assay. Whatinan GI*1 glass fiber filters are used to separate the metubranes
fromn the buffer once the equilibriutn is attained. Trhe amnount of acetylcholine
bound is deterinined froni the difference between total counts and the counts in
the filtrate. The difference between the amiount bound in the presence and ab-
sence of excess ua-butigarotoxin is delincd as . I-cific binding. This correction
is only a few percent (if the bo~und ligand. Because Achki is present (Fig. I ).
its actis ity mnust be inhibited with di-isopropylf'uorophosphate (l*P). Typi-
cally, 1 .2 fil. of AchR stock stolulitbf (3jM. in suicrtose) is diluted lo) 1.3.5 fil.
with Torpedo Ringer (250) nM NaCI, 5 inM KC1. 3 miM C('1 2. 5 mM so-
dium phosphate, fhi 7) and mnixed with 1 .5 fill, (if 10 NM IF Controls show
these conditions block all the Abhli activity after 30) inm incubatiton. Finally,
this preparation is split itnto aliquots and diluted to give the linal Ach ItH ionven-
trations noted in results. These are usually in the range of 20-50) nM. 111II-

acefylt hotine ts alltowed to equilibrate with the membranes for .30 mmi before



632 J.1. Sauter cl al.

The kinetics of acetylcholine binding to its receptor were dletimined sim-
ilarly except that equal aliquots of receptor suspension and of I'll I-acetvicho-
line are mixed rapidly at zero time and the amount of binding determined as a
function of time.

Filtration Assays at Pressure

Work in hyperbaric gaseous environments is carried out in an 8-inch di-
ameter steel chamber capable of working to 3M0 atnm. Twelve filtration units
are mounted on a turntable in the chamber. I hey may he moved in turn to a
position where they may be remotely connected to the outside of the chamber
thus providing suction, This process is operated and timed by a microprocessor
that gives smooth. reproducible filtering. Solutions to he filtered may be
placed above the filters on diaphragms that rupture at the commencement of
filtration, or may he delivered from motor-driven s,,ringes Incubating mixtures
may be stirred magnetically. A more detailed description of this apparatus has
been given (8).

RSULTS

We first determined whether exposure to 3(K) atin (if helium cause(l irre-
versible elfcts on the receptor containing menibrane,,. Ithe incuhation wells of
the 12 filtration units were filled with receptors and 1'lll acetylcht 4ine. Six
units were filtered in the chamber at 10 atni of helium (A small amnount of
pressure is necessary to ensure filtration. The remaining receptors were com-
pressed to 300 atm. held for 30 inin, and slowly decompressed to 10 aim,
where lhey weic liltered. The amount of acelyicholine bound was the same in
both sets of filters.

We next examined the effects of helium pressNure on hinding. A %imple
assay was used in which the incubation mixture contained sullicient Illl ace
tylcholine to half-saturate the receptor sites. The ratio of the concentration of
bound acetylcholine to that of free acetylcholine chanzed from 1.0 to 0.71 at
3M) aim. A similar effect was observed with the antagonist I'll Id-tubocura-
rine. The cause of this decrease could either be loss of receptor sites or a re-
duction in affinity, that is, an increase in (lissociation constant. K,,. Accord-
ingly. receptor containing membranes were equilibrated with a wide range of
I'll acetylcholine concentrations. The receptor sites wkere progressively satu-
rated as the I'll-acetylcholine concentration was raised On the bench filtra-
lion assays typically yield binding curves that exhibit posilike co-operativity
,ith a lill coefficient of about 1.5 and a lill dissociation constan of 20 ± 9
nM. where the variation reflects the difference between different batches of
receptor and not the experimental error. In one experiment shown in Fig. 2.
the Ilill dissociation constant. K,,. decreased from 16 - 2 2 nM at 5 aim to 23
t 3.2 nM at 275 aim of helium. %,hereas the Ilill coelficient. n,,. which was
1.5. did not change. Two such experinnis have been performed up to this
time and the ncman ratio of the K, at high piessure to that at low pressure %as
2.6 0 (.7. The binding of acetylcholinc is a complex process. but if we make

]I
'S
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,m

-00

Fhgt 2 ihtt phot of thected,,' of pressute 1275 atlmi) on specitlc Illti acetykholine bindin to Iorp~rdo
memnhranes B is, tamund aeyklhohnre anl R as theJ total receptor bindng snles (--30( nM} lressume de~r-,se:s
She binding aflinity , .lhouil ehaaagng the slole.

the siplifying assumption that the Ka repesents an equilibrium we may cal-
culate thermodynasiially that a volinne changec of 8t) --: t) nit/mol is in-
volved in the overaill prw.'sses invoIved in acetyh.'oline bintding.

Fo understand the origins of the effects of pressure on acetyichuhine hind-
ing, detailed kinetic e.xperiments will be required. These are technically v'rydemanding arid tly psehiminary results are available at pressure. Tie binding

*1 fast to follow experimentally, is followed by a slow phase with a time constant

"11

of a few minutes (Fig of). This secnd step can be characterized kinetically.
Thewbserwd ra te constant is usually in the range 5-8 x 0 n I. P .Figure 3
shows a pair of experiments conducted within a bdw days of each other o the
same membrne preparatin. T he rate constant at () atm is decreased elaytive

to that at 1(1 att by by a factor of 80.6 but the value at pressure is in-ose to he
range of values generally obtained on the ben.ch. Thus. further work will be
required in esablish the signilicance of the change seen re. lhi addition, if
the slew phase etrailated back to er time hed intercept yields an estimae
of the amplitude of the fast phase. Thiss slightly decreased by Thressure.

t is of interest to ask if the other diving gass cause eltects similar to
thst of helium. Our preliminary data show thal in fact they cause changes in
the opposite direction. After 30 m starring to equilibrate with the gaseosI
atmosphere, both nitrous oxide (3.5 and 6 atn) and argm (il00c atm) causedincreaes in in-acetylholine bindint (Table I).w- oaw

th op ost die tin Afe 30 min. . strrn to eq iirt wit the gaseousZ:2 ... . ... .

atmophee, oth itrus xk~e0.5and6 ain) nd rgo (10 ai) cuse
inrese in 111-clylhl bidn (Tbl 1).
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li p I he kinetic-, (if hiuin of 1111i a!ykhlinc I Torped,, afifd.,r, if rcC(ror rf h n1cmba N;'
t(Aoh !Ferrvc cnli were carried iwli in the firc,.ure hanibe,. A 5 atr M heitrrin. [AdiRi 25 nNI.

I.Athl - 49 aM. rate crni;mn" 7 7 - 0.144 , It 'n .. 1 "IN) aiv ,f helitii. tAvthRI - 27 aM.
IAchl V nM; rare com(ant 47 ± 0.17 x 1 's

TABIL I

Change in lI 11-Asetylcholinc Hirding tit iorl'-pr (a/qatr~tit el Rcccpar--Rich
Membranes Alter |-,xpourc to In rt (isv, ftr 3( Min

Pre%,,utc (ATA) [iottnd Ae uh tncj'l:tce A'cl.ikotli el

Air (1
Fichum ION) 0 7.5
Arqm I) I '7
Niuimirrtde 3 5 1 25
Nitrou flaxiik 60 2 0t4

DISCUSSION

Although this research is ongoing and mitch of the quantitative dta are
still incomplete, certain qualitative conclusions stand out. lirst. the effects of
inert gases on the binding of I'll[.acetylchotine to its receptor follow a similar
pattern to that observed in the behavior of anitnais. In aniimal; helium at pres-
stare causes excialiot n while argon and nitrous oxide cause (epression and gen-
eral ane.shesia (9.10), The sign. or directin. of lhe tfect changes when he-
lium is compared to the other gascs. Similarly. the direction of the effect on

I

I I 1 i II I 1
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acetylcholine binding hanges. Binding decreases with heliunm, where,%s it in-
creases with argon and nitrous oxide. When tie underlying nI-5anisins )f

* these eflc .s arc finally cstahlished it is possible that they will heat soic sin-
larities to the events occurring in vivo.

The effects of heliun pressure we have investigated in some detail. The
binding of acetylcholine to its receptor is a complex prowess, which may be
represented approxinately as

A + R A R,,

A + R'- AR'

where A is acetylcholine, R is resting receptor. R,, is receptor associated with
an open channel, and R' is desensitied tlhal is. inactive) receptor I I I ). Ihus,
the overall equilibrium measured for acetylcholine binding represents the %un
of several processes (12.13). Our results show that pressure changes the over-
all dissociation constant without changing the cooperalivity of binding (Ilill
coeflicient). Such cooperalivily suggests that more than one acetylcholine inol-
ecule hinds to each receptor molecule. Availahle data suggest there are tso
acetylcholine hinding sites per receptor complex (14,15). Thus, pressure has
no effects on the allosteric interactions between these sites.

To deline which steps in the cyclic scheme above are effected by pressure
requires more detailed kinetic studies. Our studies up to this lime (Fig 3) uti-
lize the tact that R binds acelylcholine with miuch lower aflinity than R' and
also that the vertical equiliNia are slow and tie horiziontal ones very last.
Therelore, tie initial concentration of acetylcholine can be adjusted so that ini-
tially all R' is bound rapidly but no R binds. Then, as R- R'. attempting to
re-establish the equilibrium, more acetylcholine will bind at a rate representing
the rate of formation of R'. 'his is the situation shown Fig. 3. This single
experiment, which requires conlirmation, suggests that the resting amount of
R' is slightly reduced by pressure while, consistently, the rate of R o R' is
reduced. These effects are small but, if conlirmed, would suggest that pressure
does not act only at this step because tie change in overall dissociation con-
stant is too large. In particular, one might expect that if the binding of acelyl-
choline (a cation) to R' involves any charge neutralization, a positive volume
change would occur because of the release of electrostricted water (16). The
dissociation constant for this step would also be increased. If this turns out to
be true. then pressure acts both on R - R' and A 4 R'-AR'.

It is important to realize that the most critical reason why our results on
the effects of pressure are tentative is that the effects in the pressure range
studied (up to 3X) atm) are fairly small and therefore require accurate quantita-
lion. We can say front Fig. 3 that the conformational change R 0 R' is af-
fected little by pressure, even though several more experiments will be re-
quired before we can e certain how small the effect is. The rate of decay of

tV
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MIiP('s in frog is also decreased ottly 1.4 fold by 154 atm 5). Ilis can ap-
proximataely be takc" as a measure of (lie elffcts of pressure on AR,. --* AR'.
Our results for R--- R' yield an activation volume of 45 nil;nmo, whereas the
latter data for AR,, - AR' yield 56 rnL/mrol. 'Ihu,, both conformation changes
in this membrane protein are associated %ith sintilar vol e changes.

We have not yet investigated in d(etail how the effects of other gases.
such as argon, are brought about. What we know so far suggets they act in a
similar manner to the volatile anesthetics (17. IX9). These apents increase ace-
tylcholine binding and can increase the proportiont of R' in the resting %tale.

'This work clearly demonstrates that biochcmical techniques can be ap-
plied to the study of ligand binding to postsvinaptic membranes in hvprharic
gaseous environments. The data reported here concern a peripheral synapse
from a fish adapted to moderate pressures. Nonetheh,,s. it exhihit,; many of
the expected properties. It thus serves as a useful mtodel for the detailed eluci-
dation of the underlying mechanisms,. These techniques can also he, applied.
thouglh not in such a detailed niantner. tO central maninialian synaptic tiell-
branes. It remains to be seen whether the effects of pressure on these will be
more profound.

References

I Regnaid P Recherchcs experimicnals sue let conditionq phy,.itiqie tie la '.ic dant l% cau% pantm Ma .
%on. 191,

2. W;nn KT. Macdonald AG. The effects of pirssure on excitable cets Comp RIoKhem Phytiol 1990.
66A1 12

3. Fish F.. Shankaran R. |itia JC. High preIsurc nuroh, vt'al v,,ndtr.mw antagpmi'tic effett. of helium
piesure anti inhalation anesthetics on the dopamine elnitvc cvchiS AMP reoponse 'ndersca Biomed
Ret 10706190 106.

4 Kendig J. Ci'hen EN. Neuromuscular function at hyperbaric presures, pre,.ure anethctic interactions.
Amer J Phyi, 1976.110 1244 1249

5. Wann KT. Ashford M. Macdonald AG 17w effet( of ahoh,.l anaestlictict and high h)drotatic pressur e
om ipim'taneoui activity at the neuronpuscular Jptnhtion J Phin.iol tin plcssl

6. Miller KW. The role of the critical volume thor In I)aniel% S. Little IlIJ. edt, 7ne effects of preeut
and the uwe of pressure in studies on anaesthesia. Othrd 171 60 61

7. Cohen JR. Wehet M. ftithet M, Chanpcux l Purification from Torpcdo mtarm,,roa electric totte of
membrane fragments panicularly rich in cholinergic recepow priotein I'+RS I cici% 1972:26 41 47

R. Sauter I-F. Wankoiic, PC. Miller KW. An apparatus for perfiorning filtratien asa)i in hyperhanc
atmophictes. Undmersea tiomed Res 1980.7:257 263.

9 ratir W. R ,,lman SM. Beave, RW. Sheehan M. N. 11, and N$O antalonimn of high pre...,ure
neimitoltcal winlronme in mice !Inerea Biomed Ret 1474:1:59-7.

10 Miller K The oppoiinp physiological effects of high pressure and inert gases. Fed Proc

II. Katu B. t'hesleff S. A study of the desensitirationt produced by acetykholine at the oin end plate. J

Phy siol IQi7; 131t,63- 9O.
12. Sugiyama I The emoe of action of the nicolinic cbminergic receptor protein in the potsynapic mem-

brane At- I#phys 1978;10:1 23
11. Cohen I. lloyd NO. Cianfimnational transitions of the neni'mhram" xisnd .hohmetigtt tepto. In- Pull-

man B, Ginsgung D. ed%. Catalysis in chemistry and biochemistry )ordrecht: Retlel. 1979 293-:3t).

IE



(7holiitrgic Receptior Blindinig anid Functiuon I Indei I Iyperhiiric Ibessure 637

14, K arlin A. DIc)1 V. I laiillim S.M NIIiiiglii NI. Vaife~raiiim R, Wi,,c 1) Ak clyk higw ictlti

.iid outi ofi gIiciitlbramli III C ci jicli 11. Cleiiiril U. cd% Adlvm,vs* III tytoplumitiiiii) I ug

Yolk RACii i'.is. I'l) WI Im'

mcnifr.ic s iokhliilcit) mgid Iipaind micia lioiii Ilistciii 14D74,. 8 5404 5475
lb Hills% G 1 i I i)c' id Cheist.ry III high pre%surc'.. In. Sivigh MsA. Mlcicwiald AG. eds lic t lkct'.

ofi liie'iuc on oirgainismsi Cabup ... hrdc ivvrsify Prie,%, 1972 1 2h.
17 Sillier J F, Iliaisi li I NI. NI lii K W. Amlon ii aic'.lheis and high liresoire (in tholineigic mim-

brines.. In- link W14 ed NIoke ul.. .nexli.nismi' in anc.licij VAl 2 Ntcv' Yolk: kas'cn l'gc'.
IilXII 191 201

IN Young Al'. Sigin..n D)S Al Ilici icibiIil ion ofi mi w ro dCCn'.Ii tit'll 'if lie 3 LylIthOlini! lrvCrI III by
voiiIf iucwic In. I il, Ift. eiI Nfi'ltciul.r mncch..ni'.ii in a.nesthes.ia. Vo ul 2 New Yurk, 14in
Pic%%'. 19X(I 1) 2281



PATTERNS OF INTERACTrI(ON OF 111F E.FECTS

OF Til. LIIIT METABOLICALLY INER.F GASES WITH ill'OSE OF

HYDROS'ATIC PRESSURE AS SUCH - A REVIEW

jj BY:

R.4 V;. B"RAUER' P.t M. ,,OGA14 , M. ,,,0GON'

A. G;. MACD)ONALD ,AND K,. W. MILLER'
II

1 NST1TU'iE OF MAR [NE BIOMFPI'lAL RESFARC'I

UNIVERSITY OF NORT11 CAROLINA At' WIIMINGTON. N.C.. USA

2 1)EPAR'i'mENT OF IhIYS I OiOGY

STATF tlNIV.RSI'IY OF N.Y. AT BIIFFALO, N.Y., 11-,A

S ... ?PYS1(I,A(.lE IIYPERBAREI fCNRS

MARSEILLE, FRANCE

4DEPARTMENT OF I'lYSIOLo;Y

MAR ISCIlAL rOI-LEGcF, ABhEFIWFN UNIVERSITY
ABERDEEN. SCOTLANI)

DF.PARTENT.t(IF PlIARMACOLOCY AND ANFgrhES IA
HARVARD INI VERSII'Y KEI)ICAL. SCIHOOf.

BosTrON, MASS., USA

PFIgI

.. . . . . .. . . .. .I .. .. .I I . I I I I _ • I I .. l l Il 1 I . .. .... 9.



OFFICE OF NAVAL RESEA..RCH

BIOLOGICAL SCIENCES DIVISION

DISTRIBUTION LIST FOR HYPERBARIC PHYSIOLOGY REPORTS

1 July 1982

Number of Copies

6 Administrator
Defense Technical Information Center
Cameron Station
Alexandria, VA 22314

6 Director
Naval Research Laboratory
Washington, DC 203;,5
ATN: Technical Information Division

(Code 2027)

3 Physiology Program (Code 441NP)
Office of Naval Research
800 North Quincy Street
Arlington, VA 22217

One coty to each of the following:

Your ONR Resident Representative Office of Naval Research Western
Regional Office

Commanding Officer 1030 East Green Street
Naval Medical Research and Pasadena, CA 91106

Development Command
National Naval Medical Center Director
Bethesda, MD 20814 Science and Technology Division

Library of Congress
Technical Reference Library Washington, DC 20540
Naval Medical Research Institute
National Naval Medical Center Defence Research and Development
Bethesda, MD 20814 Liaison Officer

Canadian Defence Liaison Staff
Office of Naval Research 2450 Mfassachusetts Avenue,

Eastern/Central Regional Office Wash ngton, DC 20008
Building 114 - Section D
666 Summer Street Director
Boston, MA 02210 National Library of Medicine

8600 Wisconsin Avenue
Office of Naval Research Branch Office Bethesda, MD 20814
S36 South Clark Street
Chicago, IL 60605 Librarian

Naval Aerospace Medical Institute
Building 1953, Code 012
Pensacola, Florida 32508

J _____________



AIR DISTRIBUTION LIST (Continued)

One Copy to each of the following:

Comanding Officer Dr. Peter B. Bennett
Naval Air Development Center Director
Warminster, PA 18974 F. G. Hall Environmental Research
ATM. Life Sciences Research Group Laboratory

Duke University Medical Center
Head, Submarine and Diving Medicine P. 0. Box 3823

Program (Code 41) Durham, NC 27710
Naval Medical Research and

Development Command Senior Medical Officer
National Naval Medical Center Underwater Medicine
Bethesda, MD 20814 Institute of Naval Medicine

Alverstoke
Naval Medical Research Institute Gosport, Hants, P012 2DL
National Naval Medical Center United Kingdom
Bethesda, MD 20814
ATFN: IHyperbaric Medicine and Dr. C. J. Lambertsen

Physiology Department Institute for Environmental Medicine
University of Pennsylvania

Commanding Officer Medical Center
Submarine Medical Research Lab Philadelphia, PA 19104
Naval Subnarine Base, New London
Groton, CT 06542 Dr. Claes E. G. Lundgren

Department of Physiology
Senior Medical Officer 120 Sherman Hall
Naval Experimental Diving Unit School of Medicine & Dentistry
Naval Coastal Systems Center SUNY at Buffalo
Panama City, FL 32401 Buffalo, NY 14214

Commanding Officer Dr. Edmundo Ashkar
Naval School of Diving & Salvage Director, ytperbaric and
Naval Coastal Systems Center Environmental Research Center
Panama City, FL 32401 University of Bucnos Aires

Buenos Aires, Argentina
Medical officer
Submarine Development - Group 1 Dr. Ralph W. Brauer
Fleet Post Office Marine Biomedical Laboratory

* San Diego, CA 92132 University of North Carolina
7205 Wrightsville Avenue

Dr. Xavier Fructus Wilmington, NC -29401
CCMEX
Avenue de la Soude
13275 Marseille Cedex 2 France

Commanding Officer
Naval Health Research Center
P. 0. Box 85122
San Diego, CA 92138

~ -.r..A . *~*.' 4



A.4


